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Preface

This document forms the final report of the Design Synthesis Exercise (DSE), part of the BSc Aerospace
Engineering curriculum, on our subject, the Reconfigurable Unmanned Cargo Aircraft. The main objec-
tive behind this report is to give the reader a complete overview of the design process.

This report includes the detailed design of the concept that was chosen and presented in the mid-term
report. The detailed design of the subsystems is split up into different departments. The final result is
a detailed design of a large number of subsystems.

The final report is the complete overview of the design process of a reconfigurable unmanned cargo
aircraft. Performing the DSE helped us understand the different aspects of a design project and the
importance of integrating systems engineering for the successful completion of the project. Furthermore,
working in a group of 10 students in a limited amount of time further improved our project management
skills and emphasized the importance of good team work.

Group 20
DSE Spring 2017 Delft, June 2017





5 Delft University of Technology20 - Reconfigurable Unmanned Cargo Aircraft

Contents

Preface 3

Executive Summary 11

1 Introduction 15

2 Market Analysis 17
2.1 Market Size . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.2 Technology and Operations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.3 Customer Demand . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.4 Geography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.5 Competition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3 Mission Analysis 21
3.1 Flight Profile . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.2 Mission Functions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.3 Aircraft Concept . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

4 Preliminary Design 27
4.1 Class I Sizing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
4.2 Class II Sizing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
4.3 Class-I and -II sensitivity analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
4.4 Budget Allocation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

5 Performance and Propulsion 35
5.1 Performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
5.2 Propulsion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
5.3 Conclusion and Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

6 Aerodynamics, Stability & Control 55
6.1 Wing design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
6.2 Nose design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
6.3 Center of gravity determination . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
6.4 Tail design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
6.5 Control Surfaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
6.6 Dynamic stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
6.7 Total Drag . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

7 Structures 89
7.1 Wingbox . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
7.2 Miscellaneous . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

8 Air and Ground Operations 101
8.1 Flight Operational Regulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
8.2 Reconfigurability Operational Certification and Regulations . . . . . . . . . . . . . . . . . 102
8.3 Communications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
8.4 Unmanned Control System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
8.5 Service Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
8.6 Ground Operations and Logistics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
8.7 Reconfiguration Operations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
8.8 Reliability, Availability, Maintainability, and Safety Characteristics . . . . . . . . . . . . . 119
8.9 Manufacturing, Assembly, and Integration Plan . . . . . . . . . . . . . . . . . . . . . . . . 121



8.10 Sustainability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
8.11 Conclusion and Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

9 System Characteristics and Layout 125
9.1 Electrical System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
9.2 Hydraulic System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
9.3 Fuel subsystem . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
9.4 Environmental Control System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

10 Risk Assessment 131
10.1 Risk Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
10.2 Mitigation Plan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

11 Financial Analysis 135
11.1 Cost Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
11.2 Financial Forecast . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

12 Compliance 139

13 Project Design & Development Logic 143

14 Conclusion & Recommendations 147

A Input Variables 153

B Detailed Functional Breakdown Structure 157

C Task division 161



7 Delft University of Technology20 - Reconfigurable Unmanned Cargo Aircraft

Nomenclature

Acronyms

ABSAA Airborne Sense and Avoid Radar

AC Alternating Current

ACARS Aircraft Communications Addressing and
Reporting System

ACS Aerodynamics, Control and Stability

ADS-B Automatic Dependent Surveillance-
Broadcast

APU GEN Auxiliary power unit generator

AR Aspect ratio

ATC Air Traffic Control

ATLC Automatic Takeoff and Landing Capability

ATN Aeronautical Telecommunication Network

ATO Air Transport and Operations

BEP Break-even point

BPC Bus Power Contactor

CB Circuit Breaker

CC Combustion chamber

CCOHS Canadian Centre for Occupational Health
and Safety

CFD Computational Fluid Dynamics

CG Center of gravity

CPDLC Controller-Pilot Data-Link Communica-
tions

CS Certification Specifications

CSD Constant Speed Drive

DC Direct Current

DCL Departure Clearance Service

DSE Design Synthesis Exercise

EAN European Aviation Network

ECS Environmental Control System

EHSA Electro Hydrostatic Actuator

EMERG GEN Emergency Generator

EPNL Effective Perceived Noise Level

EXT PWR External Power

FAA Federal Aviation Administration

FADEC Full Authority Digital Engine Controller

FANS Future Air Navigation System

FBD Free Body Diagram

FBS Functional Breakdown Structure

FEM Finite Element Method

FFD Functional Flow Diagram

FPP Flight Performance and Propulsion

FTK Freight Tonne Kilometer

GCS Ground Control Station

GDP Gross Domestic Product

GPS Global Positioning System

HEVC High Efficiency Video Coding

HLD High lift device

HPT High pressure turbine

ILS Instrument Landing System

IMMC Integrated Mission Managemen tComputer

INM Integrated Noise Model

INS Inertial Navigation System

IP Internet Protocol

IPS Internet Protocol Suite

JIT Just-In-Time

LDACS L-band digital aeronautical communica-
tions system

LPT Low pressure turbine

LTE Long-Term Evolution

MAC Mean aerodynamic chord

MPD Maintenance Planning Document

MTOM Maximum Take-Off Mass

MTOW Maximum Take-Off Weight

NAV Navigation

OCC Operations Control Center

OEW Operational Empty Weight

OPS Operations



8 Delft University of Technology20 - Reconfigurable Unmanned Cargo Aircraft

PD&D Project Design and Development

PTF Permits to Fly

RAMS Reliability Availability Maintainability and
Safety

RAT Ram Air Turbine

RCofA Restricted Certificates of Airworthiness

ROC Certifications for Remote Operators

RPM Rounds per minute

RTC Restricted Type Certificates

RTK Revenue Tonne Kilometer

S.M. Safety margin

SEL Sound Exposure Level

SESAR Single European Sky ATM Research

SF Similarity factor

STC Supplemental Type Certificate

STR Structure

TAT Turn around time

TCAS Traffic Collision Avoidance System

TCP Transmission Control Protocol

TOLT Take-off, landing and taxiing

TR Transformer Rectifiers

TR ESS Essential Transformer Rectifier

UAS Unmanned Aerial System

UAV Unmanned Aerial Vehicle

ULD Unit Load Device

UMS Unmanned system

URC Ultra Reliable Communication

VDL VHF data link

VHF Very high frequency

Greek Symbols

α Incidence angle of main wing deg

αh Angle of attack horizontal tail deg

α0L Zero lift angle of attack deg

β Prandtl-Glauert compressibility correction
factor -

δE Elevator deflection deg

ε Downwash angle deg

η Airfoil efficiency factor -

ηcc Combustion chamber efficiency -

ηprop Propeller efficiency -

δε
δα Downwash gradient -

Λ0.5C Half chord sweep deg

ΛLE Leading edge sweep deg

φreq Required bank angle deg

φreq Steady state bank angle deg

ρ Density kg/m3

ρfuel Fuel density kg/m3

σ Bending stress N/m2

σv Von Mises stress N/m2

τ Shear stress N/m2

τe Elevator angle of attack effectiveness -

τr Rudder angle of attack effectiveness -

τa Aileron angle of attack effectiveness -

Roman Symbols

c̄ Mean aerodynamic chord m

x̄ac Location of aerodynamic centre with re-
spect to MAC m

x̄cg Location of centre of gravity with respect
to MAC %

z̄ Centroid along the z-axis m
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Executive Summary

The air cargo market is a rapidly growing sector with a promising outlook, especially within the ex-
press freight category. This growth in the market size asks for more flexibility from air cargo operators
to fulfill different range requirements with the use of smaller, lighter aircraft. The use of a reconfig-
urable aircraft addresses this opportunity by introducing the possibility of using one aircraft system for
drastically different missions. Moreover, the UAV sector is evolving quickly and unmanned cargo oper-
ation of the aircraft would thus allows for the transportation of dangerous goods without endangering
human operators during flight, less personnel, and cheaper operations. The reconfigurability in combina-
tion with the unmanned operation delivers a unique and innovative product to the growing cargo market.

To be able to fulfill the market need in a successful manner, four candidate concepts are developed. A
trade-off based on sustainability, costs, risk & complexity, performance, and operations resulted in the
concept called the ModuLR being further investigated upon.

The ModuLR concept, a multi-engine turboprop aircraft, consists of three different configurations, being
the ModuLR-100, ModuLR-200, and ModuLR-300, which all have different range, payload, and runway
length requirements. The ModuLR-100 requires a minimum range of 1000 nmi, a minimum payload
of 1200 kg, and a take-off and landing distance of maximum 3000 ft. The ModuLR-200, on the other
hand, has a minimum range requirement of 2000 nmi, a minimum payload requirement of 6000 kg, and
a take-off and landing distance of maximum 8000 ft. Lastly, the ModuLR-300 requires a minimum range
of 4000 nmi, a minimum payload of 12000 kg, and a take-off and landing distance of maximum 10000 ft.
The ModuLR aircraft will therefore be highly flexible, able to operate from small to large airports, and
travel short to very long range missions.

To make the ModuLR aircraft attractive to all players within the market, operators only purchase the
fuselage, which remains constant throughout all configurations. The configuration dependent wing-tail-
engine combination is leased through a service model.

After a preliminary design phase with resulting mass and power budgets for all design areas, the sizing of
the constant fuselage is performed first and done so for the largest aircraft, the ModuLR-300. Then, the
performance and propulsion characteristics of the aircraft are investigated upon, which is concluded with
the design of a new turboprop engine. Afterwards, the aerodynamics, as well as the control & stability
of the aircraft are treated with the design of the wing, nose, tail, and control surfaces. Moreover, the
structural design of the wingbox, landing gear, and bolts for the reconfiguration is performed. Further-
more, the operations concerning the communication and control of the unmanned aircraft are treated.
Then, the electrical system is designed. The report is concluded with a financial analysis, including
development costs, production costs, and operational costs.

The ModuLR uses standardized half pallets (96x64x61.5 in), and has a fixed fuselage length of 21.8m,
with a cargo door at the forward side of the fuselage. The mass budgets of the aircraft variants are pre-
sented in Tab. 1, and the total power budget is determined to be 27630 VA.

Table 1: Operational empty weight, fuel weight, and maximum take-off weight of the three ModuLR
configurations

ModuLR-100 ModuLR-200 ModuLR-300

Operational empty weight [kg] 17358 20578 32112
Fuel weight [kg] 2776 6631 20082

Maximum take-off weight [kg] 21441 33376 64517

In terms of runway requirements, the ModuLR-100 requires a take-off distance of 914.4m, the -200 variant
requires 2120.3m, and the -300 requires 3048.0m. The propulsion systems are designed as turboprops,
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producing a maximum available power of 2647.3W and having an overall pressure ratio of 16.6. In
addition to this, a propeller with 6 blades and a tip radius of 2.2m is used. This setup enables the
ModuLR-300 variant to achieve a carbon dioxide emission 0.213 kg

km·1000kg , -7% lower than the existing

Boeing 747-400 aircraft. For the NOx
FTK , the ModuLR-300 produces 42% less than the Boeing 747-400

aircraft.
The wing of all ModuLR variants is the GOE412 airfoil, has an aspect ratio of 12, and a taper ratio

of 0.4, keeping the leading edge perpendicular to the fuselage structure. The surface area for the -100
variant is 53.5m2, for the -200 is 72.6m2, and for the -300 is 138m2. The respective wingspans also
increase with variant, being 25.3m for the -100, 29.5m for the -200 variant, and 40.7 for the -300 variant.
Flaps are required for all variants, to meet the runway requirements, and the nose of the aircraft is the
Haack series with C = 0.

Initially, three different tails were designed for the three variants. However, it was found that it was
more beneficial to use only two. The ModuLR-100 and -200 variants use the same T-tail configuration,
with a horizontal tail surface area of 27.66m2, and a vertical tail area of 9.48m2. The -300 variant requires
a bigger T-tail, with a horizontal tail surface area of 47.58m2, and a vertical tail surface area of 16.18m2.
All tails use the NACA 64012 airfoil.

The ailerons enable the -100 variant to achieve a 45◦ bank angle in 1.39s, and the -200 and -300 to
achieve a 30◦ bank angle in 1.49s. The elevators enable longitudinal trim to be maintained in conditions
from stall cruise speed to optimum cruise speed, requiring a range of deflection from approximately 6◦

to 29◦. The rudder allows for directional trim to be maintained in an one engine inoperative scenario,
in both the take-off and cruise conditions. All control surface deflections are not greater than 30◦. The
actuator stroke length does not exceed 0.4m, and the maximum actuator force is 32.9kN, required by the
ModuLR-300 variant. The symmetric flight motions of all variants are damped, with the -100 variant
having the highest damping ratio. The aperiodic roll and Dutch roll are damped for all variants, with
the -200 variant having the highest damping ratio. The total drag coefficients for the -100, -200 and -300
variants are 0.0433, 0.0364, and 0.035 respectively.

Structurally, a tapered wingbox is included, using the 7178-T6 aluminum alloy. Near the wing root,
the -100 requires a maximum of 4 stringers, the -200 variant 8, and the -300 requires a maximum of 18.
For the landing gear, 2 nose wheels are required for the nose landing gear, and 4 wheels for the main
landing gear (placed on 2 struts). The fuselage is also pressurized. Fig.1 presents an exploded view of
on of the ModuLR variants.

Figure 1: Exploded view of the ModuLR-300
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In terms of communication, Fig. 8.2 presents an overview of the system design. All links are encrypted
to ensure safety of the system. Additionally, 16 globally placed Operation Control Centers (OCCs) are
designed, which will be use to monitor and control the operational aspects of the ModuLR aircraft. In
the flight phase, a combination of onboard autonomous systems and the OCCs ensure an unmanned
flight is possible. As previously discussed, a service model is designed, where a customer pays an upfront
price of e20M for the fuselage, avionics, and the landing gear. After this, an annual e5M subscription
fee is required, which allows the operator to lease any of the wing-tail-engine combinations to fulfill their
mission needs. These can be reconfigured up to 12 times a year. Fig. 8.17 presents a possible setup for
reconfiguring the aircraft.

Figure 2: Communications system overview

Figure 3: Reconfiguration of the ModuLR-300

Electrical systems are designed, which 2 generators, and 2 batteries. Additionally, wing contained
hydraulic systems and fuel systems are designed, such that reconfiguration between wings can be achieved.

Financially, the total development costs are estimated to be at e1091M. The total cost for producing
180 aircraft, including 60 wings of each configuration, 100 engines and 60 tails of the -300 variant, and
30 tails for the -100 and -200 variants, results in total costs of e4.5B. The total production costs per
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aircraft are e25M. When removing the costs for the extra reconfigurable parts, the production costs are
e17.3M per aircraft. The yearly operational costs of the service model are estimated to be e1.6M. The
break-even point is estimated to be achieved sometime in the year of 2043, 26 years after the development
of the aircraft has begun.

To summarize, the ModuLR is a reconfigurable unmanned cargo aircraft, with versatile mission profiles,
utilizing a service model. Fig. 4 presents a render of the three aircraft variants.

Figure 4: Overview of the three ModuLR configuration in flight
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Chapter 1

Introduction

The growing air cargo market introduces the need for flexibility among air cargo operators. A reconfig-
urable cargo aircraft addresses this new opportunity in the market due to its usability for vastly different
missions. Additionally, unmanned operation of the aircraft further allows for flexibility of cargo and
operations. Reconfigurability in combination with unmanned operation delivers a unique and flexible
product for the cargo market. In the mid-term report [1] a final concept for a reconfigurable unmanned
cargo aircraft has been presented, the ModuLR. This concept is worked out in detail in order to move
forward towards the production phase of the project.

The purpose of this report is to present, document, and justify the detailed choices and design of the
ModuLR and its subsystems. The detailed design will adhere to the key and driving (sub)system re-
quirements.

In chapter 2, a market analysis is performed in order to analyze the market possibilities and produce
market requirements (Work Package 1212). Chapter 3 presents the mission analysis of the project, as
well as a functional flow diagram (Work Package 1214) and a functional breakdown structure (Work
Package 1215). The preliminary sizing of each concept, which is required to get the starting values for
the detailed design, is presented in chapter 4. Afterwards, the chapters present the detailed design of
the system (Work Package 1523). In chapter 5, the performance of the entire system is assessed (Work
Package 1547), together with the detailed design of the propulsion system. In chapter 6, the detailed
design of the wing, nose, tail, and control surfaces is presented, together with an analysis of the drag
of the system and its dynamic stability. The detailed structural design of the wing and landing gear
is presented in chapter 7. In chapter 8, the air and ground operation procedures and regulations are
discussed, the connectors for reconfiguration are designed, and the RAMS characteristics of the system
are assessed. The characteristics and layout of the electrical, hydraulic, fuel, and environmental control
system can be found in chapter 9 (Work package 1545). Chapter 10 presents a risk assessment (Work
Package 1514) of the design and a mitigation plan for the risks. A detailed cost analysis and financial
forecast is performed in chapter 11 (Work Package 1542). Lastly the feasibility of the final design is
checked by checking compliance with the requirements in chapter 12 (Work Package 1548).
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Chapter 2

Market Analysis

The cargo transportation market is composed of many different transportation methods. The majority
of these methods are interconnected to form vast modal transportation networks, resulting in cargo
reaching destinations in a very timely fashion. Air transportation is considered to be one of the most
time efficient transportation means and naturally forms the core market of this design project. This
chapter presents the analysis of the air cargo transportation market and how a reconfigurable unmanned
cargo aircraft would fit best in this market.

2.1 Market Size
The growth in the air cargo market is closely related to the GDP growth. The main drivers for the
growth of the air cargo market are found to be the expansion of international trade and the increase in
domestic trade [2][3].

Fig. 2.1 shows the expected growth of the air cargo market using RTKs (which incorporates both
value and volumes). By 2035, the market is expected to have doubled in terms of RTK. According to a
study conducted by Boeing [3], it is furthermore expected that the number of dedicated cargo aircraft
will have increased to 3010 by 2030.

Figure 2.1: RTK Forecast for air cargo transport [2]

2.2 Technology and Operations
Currently, the market is primarily composed of three types of aircraft families, categorized by their pay-
load capacity: small jet freighters, mid sized freighters, and large freighters. The number of regional
(small and mid sized) freighters has decreased from 1240 in 2001 to 960 in 2011, whilst the number of
intercontinental freighters has increased from about 450 to 620 [2]. The operational aspects of cargo
transportation can be broken down into three categories: express, mail, and scheduled freighters. Cur-
rently more than half of the total air cargo is express freight, and it is expected that this will continue to
be so [2]. Furthermore, it should be noted that the load factor of major air cargo operators is relatively
low. For example, the cargo load factor of Air France - KLM is only 58.8% [4].

The short haul market category may experience the introduction of new small efficient aircraft. In the
medium haul category, there may be conversions of aircraft or derivatives of existing aircraft. In the long
haul category, derivatives of modern aircraft will continue to dominate the market [2].



18 Delft University of Technology20 - Reconfigurable Unmanned Cargo Aircraft

2.3 Customer Demand
Although the air cargo market only accounts for less than 1% of the world cargo tonnage, 35% of world
trade value is achieved via air cargo. This is explained by the most important advantage of air freight
transport: it is faster than other transportation means such as boats and trains. Therefore, air trans-
port is mainly focused on express, perishables, and emergency goods, such as mail, flowers, and human
transplants respectively. A major disadvantage of air freight is the high cost involved. For expensive
and luxury goods, the transport costs account for a lower percentage of the overall product value, thus
air freight is used more often in these sectors. This causes the overall value of the transported goods
to be high. It is expected that, from 2035 onwards, high tech goods and capital goods/spare parts will
account for almost half of the transported goods [2].

In Fig. 2.2, four fields of competition in the air freight market are shown. The type of freight on the
Y-axis, divided into special and standard freight, and the ”distance” at the X-axis in continental and
intercontinental.

Figure 2.2: Competitive relationships between air freight transport and other transport modes [2]

2.4 Geography
As described in the section 2.1, the general air cargo market is expected to grow. Fig. 2.3 breaks down
this growth in the different geographical locations. It can be concluded that the North America - Asia and
Europe - Asia routes are expected to still be the two largest markets. The most important geographical
trend is visible in the growth of the Chinese and Indian economies. Consequences of this are that the
demand for local transport in Asia will increase. This is clearly visible in Fig. 2.3 as the largest growth
rates are observed in the Domestic China and the Intra-Asia markets. Another consequence is that also
the North America - Asia and Europe - Asia markets are growing. Their growth rate, however, is lower
and more uncertain.

2.5 Competition
When comparing air freight to other forms of cargo transport, it can be seen that air freight is much
faster, but also more expensive. Shipping costs per 1 m3 for sea freight are somewhere between $174 and
$280, and for air freight approximately $650. From another perspective, sea, rail, road, and air freight
costs are $0.007, $0.025, $0.251, and $0.588 per ton-mile (for short/medium range) respectively [2]. It is
expected that these costs will remain lower than air transport and that competing on costs will not be
possible.

When looking more specifically into the air cargo market, two forms of air cargo transport are identified.
The first category is dedicated to freight flights and the second is belly freight. Globally, more than
half of the air cargo is transported by dedicated air cargo aircraft [3]. Especially when both long-range
and frequent service are required, dedicated air cargo aircraft are beneficial. A visible trend is that
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Figure 2.3: Forecast Air Cargo Growth [2]

the percentage of cargo transported with dedicated cargo aircraft instead of belly freight is increasing.
This is due to the increasing demand for large volumes and high frequencies [3]. Furthermore trends
of major companies such as Airbus and Boeing suggest that they will continue to focus on improving
existing aircraft, such as the A320 NEO or B737 Max, into state of the art technologies [2]. This can
be explained as the financial risks involved with developing completely new aircraft will still be a major
limiting factor. In the short haul market category, there may be introductions of new aircraft models
or new companies entering the market. Existing aircraft such as the Cessna Caravan, PC-12, and BN
Islander may start to be replaced by more modern aircraft [2]. It is important to note that the rise of
new carriers from China, the Middle East, and Turkey will set the price [2].

Although the UAV sector is rapidly evolving, there are no detailed plans for developing unmanned
cargo aircraft yet. The main developments for large unmanned systems have mainly taken place in the
military1. However, there are organizations and platforms like Platform Unmanned Cargo Aircraft [2]
which provide platforms to exchange knowledge and ideas. Although predictions are not detailed, the
UAV market is expected to grow rapidly the coming twenty to forty years. This indicates an increase in
competition in the unmanned aircraft segment.

2.6 Conclusion
After performing the market analysis, many clear trends and needs are apparent. It can be concluded that
the market will continue to grow steadily and express freight will be the bulk type of cargo transported.
Still, load factors are relatively low for cargo transport. A future market opportunity therefore might
be combining the required ranges with smaller aircraft, and hence lower OEW, to eventually lower the
operating costs. More of these aircraft can operate more frequently and hence can cater better to the
express freights. Since it is not expected that major companies will develop new cargo aircraft, and short
to medium haul (Intra-Asia & Domestic China) transportation will grow significantly, a reconfigurable
aircraft that can fly all these distances should be profitable. It is furthermore expected that unmanned
operations will drive costs down as less piloting is needed, while they also allow for dangerous goods to
be transported.

1http://www.aircargonews.net/news/single-view/news/is-the-air-cargo-industry-ready-for-an-unmanned-aircraft-
revolution.html, visited on May 1, 2017
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Chapter 3

Mission Analysis

From the market analysis described in chapter 2, an existing gap in the cargo market is apparent, and
is used to design a freighter aircraft fulfilling multiple specific market needs. This need is described as
the mission need statement, being:

”A flexible air cargo solution for varying operating conditions which is competitive with the current mar-
ket is needed by 2035”

To fulfill this need, the mission is analyzed by firstly stating the flight profile of the to-be-designed aircraft
in section 3.1. Then, the functions which the aircraft should be able to perform are stated in a functional
breakdown structure and a functional flow diagram, presented in section 3.2. Lastly, the concept of the
aircraft is discussed in section 3.3.

3.1 Flight Profile
The aircraft which will be designed in this report will fly according to a specific flight profile, as depicted
in Fig. 3.1. However, no loiter is included in the profile as the reserve fuel is assumed to be higher than
that for regular cargo flights.

Figure 3.1: Flight profile diagram for the to-be-designed aircraft

3.2 Mission Functions
The functional flow diagram and the functional breakdown structure, shown in Fig. 3.2, 3.3, and 3.4,
depict the functions which the aircraft has to fulfill. For a more detailed functional breakdown structure,
please refer to App. B.

3.3 Aircraft Concept
To be able to fulfill both the mission need statement and the mission functions, a specific freighter aircraft
will be designed which is not only unmanned, but also reconfigurable. From here on, the aircraft is named
and referred to as the ’ModuLR’, and will have three different wing-tail-engine combinations, based on
the missions it needs to operate. The fuselage will thus remain constant for all different configurations.
A service model will assure that operators are able to enjoy a low upfront cost, inasmuch as only the
fuselage is bought. The wing-tail-engine combination, on the other hand, is leased and can be altered at
any moment in time at designated hubs.

Three different configuration can be opted for, from now on, are referred to as the ModuLR-100,
ModuLR-200, and ModuLR-300 versions.
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Figure 3.2: Functional Flow Diagram, part 1
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Figure 3.3: Functional Flow Diagram, part 2
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Figure 3.4: Functional Breakdown Structure, part 1
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ModuLR-100
• Range: 1000 nmi;

• Payload: 1000 kg;

• Runway length: 3000ft.

ModuLR-200
• Range: 2000 nmi;

• Payload: 5000 kg;

• Runway length: 8000ft.

ModuLR-300
• Range: 4000 nmi;

• Payload: 10000 kg;

• Runway length: 10000 ft.

The detailed design of these configurations will be elaborated upon in the next chapters of this report.
Starting off with the preliminary design in chapter 4, followed by the detailed design of all different
design areas in chapters 5, 6, 7, and 8. Fig. 3.5 shows a sketch of how the aircraft could look like after
detailed design.

Figure 3.5: Sketch of the concept aircraft
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Chapter 4

Preliminary Design

This section describes the method and results attained during the preliminary designing of the ModuLR.
The preliminary design phase consists of a fully-automated Class I and Class II sizing, elaborated on
in section 4.1 and section 4.2, respectively. From these, the mass and power budgets are allocated in
section 4.4, to the respective subgroups.

4.1 Class I Sizing
The Class I sizing builds upon the preliminary weight estimation performed in the mid-term report [1].
In addition to this, wing loading diagrams are drawn, as can be seen by the designed and implemented
graphical user interface in Fig. 4.1, where the take-off and stall speed requirements are limiting the
design. From this, the wing surface area and take-off power are computed.

Moreover, a preliminary wing design is performed using the computed wing surface area. During this
iterative design, the ailerons and flaps are checked to see whether they meet the CLmax requirements

with the available space within the wing (
Cf
C ). Firstly, the CLMax for the clean wing is estimated, after

which statistical relations are used for ∆CLmax during take-off and landing [5].
Furthermore, a preliminary sizing for the empennage, landing gear, and stability and control is

implemented into the Class I sizing according to the methods described in Roskam [5].
Lastly, the drag polar is constructed according to the method by Roskam [5], resulting in a new L/D

value. In case this new value differs more than 5% from the initial L/D value used as an input for the
Class I sizing, the Class I sizing will be performed again. This iteration can be seen in the code flow
chart in Fig. 4.6.

Figure 4.1: Graphical user interface for the wing loading diagrams

4.2 Class II Sizing
The Class II methods to construct the V-n diagram and to estimate airplane component weights are
based on Roskam [6]. During the design of the different versions of the ModuLR, the Torenbeek method
for commercial transport airplanes is employed, where all equations have a statistical basis.
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4.2.1 V-n Diagrams
The V-n diagrams, which are shown in Fig. 4.2, are constructed for all ModuLR versions according to
FAR25 regulations. The goal is to determine the design ultimate load factors as well as the speeds that
the structure shall need to withstand. In particular, VD and nult are used during the component weight
estimation of subsection 4.2.3. It is important to note that this method only considers flap-up cases.

(a) ModuLR-100 (b) ModuLR-200 (c) ModuLR-300

Figure 4.2: V-n maneuver and gust diagrams

4.2.2 Fuselage Design
The ModuLR is designed to be reconfigurable, using the same fuselage for different missions, as discussed
in section 3.3. The consequence of this design choice is that the smaller configurations will perform their
mission with a fuselage which will be too large for the cargo it is designed for. Therefore, reducing the
unused space in the fuselage of the largest configuration is the design objective for the fuselage design.
Furthermore, to accommodate cargo that has to be pressurized (discussed in subsection 7.2.2), a circular
shape for the fuselage is chosen. A circular shape is the most effective option for resisting the pressure
loads. Subsection 7.2.2 discusses the choice for a pressurized fuselage in more detail.

Container management

Today, the aviation industry is based on many standardizations of equipment. This ensures that most air-
craft do not need specialized equipment for ground handling, reducing the cost for operators and airports.
Therefore, when designing a new product for this market, it is important to implement standardizations
as much as possible, in order to increase the feasibility of the final design in terms of operational costs.

With respect to standardized containers, the aviation industry mostly makes use of the Unit Load
Devices (ULD). According to IATA1, around 900,000 ULDs are currently in service. ULDs are further
distinguished between containers and pallets.

The smallest container is the LD2, which is shown in Fig. 4.3a2. Inside the fuselage, two LD2
containers or one LD8 container, which is the same size as two LD22 containers, will result in the
smallest diameter for the fuselage when making use of containers. In Fig. 4.3b the fuselage with a LD8
is shown, resulting in a fuselage diameter of 3.5 m. However, a large ’empty’ area at the top of the
fuselage can be seen, producing a significant amount of unused space.

Another option is the use of ULD pallets upon which cargo is stacked and secured with a web net.
Pallets are cheaper and lighter than containers, can accept different sizes of cargo, and empty pallets
can also be stacked and returned by plane in case of an imbalance in the total network3. The result of
using a half size pallet, shown in Fig. 4.3c, is shown in Fig. 4.3d from which a fuselage diameter of 2.9 m
emanates. As can be seen, the option using the half pallet has less unused space and a smaller diameter
which is also beneficial for reducing drag.

1http://www.iata.org/whatwedo/cargo/unit-load-devices/Pages/index.aspx, visited on June 9, 2017
2http://www.boeing.com/resources/boeingdotcom/company/about bca/pdf/CargoPalletsContainers.pdf, visited on:

June 9, 2017
3http://vrr-aviation.com/uld-info/whats-a-uld/, visited on: June 9, 2017
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(a) LD2 container
(b) Fuselage with LD8

(c) Standard Half Size Pallet

(d) Fuselage with pallet

Figure 4.3: Figure showing the LD2 container on the top left (a) and the fuselage containing an LD8
container on the top right (b). The bottom left (c) shows a standard half size pallet. The bottom right
(d) depicts the pallet from (c) inside the fuselage

Fuselage sizing

With the previous established fuselage diameter, the nose, tail, and total length of the fuselage can be
designed. For aerodynamic considerations, the slenderness ratio (length over diameter) is best at 0.3 [7].
However, most aircraft have ratios around 0.1. Thus, to approach the ideal slenderness ratio of 0.3 with
a fixed fuselage diameter, the length should be minimized.

The cargo hold length is limited by the amount of cargo that has to be transported. A half size pallet
can carry a total of 2366 kg or 5.5 m3 of cargo. As seen in Fig. 4.3c, the pallet is not completely loaded
due to the curves on the top left and right, therefore a maximum of 2151 kg and 5 m3 is considered.
The RUCA-T-REC-AC-2 requirement states that 40 m3 should be transported, resulting in a total of 8
half pallets. This amount of pallets is enough to carry the maximum cargo weight of 10000 kg defined
in requirement RUCA-T-REC-AC-4. With this information, the total cargo hold length is found to be
12.50 m. Due to a constant fuselage requirement RUCA-T-REC-AC-1 and 3, and RUCA-T-NOM-CN-2
is also met.

The nose cone length can be approximated using the ratio for nose cone length over diameter. Typical
values for this ratio are 1.2 – 2.5 [7] and, when considering the slenderness ratio, the lowest ratio is chosen
resulting in a length of 3.48 m. The same procedure is used for the tail cone with typical values of 2 –
5, resulting in a length of 5.8 m using the lowest ratio.

The shape of the nose cone is not constraint by the presence of a cockpit, so it can be optimized for
performance which will be done in section 6.2. The shape of the tail cone is constrained by two angles
for the best performance. The first angle is the rotation angle, defining the bottom part of the tail cone,
and the second angle is the divergence angle which should be 24 degrees or lower. The resulting shape
of the fuselage and lengths can be seen in Fig. 4.4.
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Figure 4.4: Fuselage dimensions

Cargo door
In the mid-term report [1], the ModuLR was proposed to both have a cargo door at the rear of the
fuselage and a movable nose for nose loading. However, the nose of the ModuLR will be filled with the
equipment necessary for unmanned flying, including the radar and antenna systems. Using the nose for
loading will increase the structure weight and increase the difficulty of the system arrangements in the
nose. Furthermore, the size and location of the largest wing would not allow for a cargo door behind the
wing. Therefore, the choice has been made to only use a cargo door in the forward side of the fuselage.
The cargo door also allows the cargo to be accessible for customs meeting requirement RUCA-T-OPS-
GH-4. Considering the amounts of cargo pallets, the time decrease when using two doors will be minimal
and the lower number of crew needed during cargo loading is an advantage. Also, locating the cargo
door at the front is beneficial for the static stability during cargo loading and unloading. However, a
downside of not having a nose loading door is the limitation on the size of the cargo.

4.2.3 Component Weight Estimation
As a start, the empty weight is split into three different groups: structure weight, powerplant weight, and
fixed equipment weight. Within these groups a detailed division is made to determine the component
weights. Furthermore, the fixed equipment weight, as well as the fuselage and landing gear weight remain
constant for all three versions of the ModuLR, as described in section 3.3.

To be able to use this method, however, the MTOW and OEW values from the Class I sizing are
used as a first input for the Class II sizing. When the OEW output value from this Class II sizing differs
more than 10% from the Class I sizing, Class I sizing is performed again with the new Class II values.
When the OEW output value from Class II sizing differs less than 10%, yet more than 1% from the input
value, an iteration within Class II weight estimation is to be performed. Lastly, when the OEW output
value differs less than 1% from the input value, the iteration is stopped. The entire iteration procedure
can be found in Fig. 4.6. The Class II component weights, as shown in Tab. 4.1, are used during the
mass budget allocation as will be explained in section 4.4.

4.3 Class-I and -II sensitivity analysis
The preliminary design method is the starting point of the detailed subsystem design. Since starting
parameters can change during the design process it is important to know how sensitive the method is for
changes in key system parameters. The influence of the key requirements: range, payload, and runway
length are analyzed. The cruise speed parameter is also analyzed because of the influence it has on
different subsystem designs. In Fig. 4.5, the influence of the change in these parameters on the MTOW
can be seen. The range parameter has a large influence on the MTOW of the design, since a larger
range results in a higher fuel weight and in turn a higher weight for the subsystems. It can also be seen
that a reduction in runway length increases the MTOW, however an increase has almost no effect on the
MTOW. This is because other factors are limiting for the design based on a longer runway length. A
change in the payload parameter has a linear effect on the MTOW. It can be seen that decreasing the
cruise speed has little effect on the MTOW, since other factors will have a limiting effect on the design.

From this, it can be seen that the method is most sensitive to a change in the range requirement and
runway length.



31 Delft University of Technology20 - Reconfigurable Unmanned Cargo Aircraft

Table 4.1: Class II component weight estimation according to Roskam [6]

Subgroup
Mass [kg]

ModuLR-100 ModuLR-200 ModuLR-300

Wing 3240 5800 13230

Empennage 540 864 1620

Engines 962 1434 3600

Nacelle 490 655 1013

Fuselage 2100 2100 2100

Landing gear 2972 2972 2972

Flight control system 1014 1014 1014

Fuel system 388 562 685

Hydraulic, pneumatic & electrical system 528 528 528

Instrumentation, avionics & electronics 355 355 355

Air-conditioning & pressurization 19 19 19

Oxygen system 304 304 304

Auxiliary power unit 3545 3545 3545

Furnishings 458 458 458

Cargo handling equipment 352 352 352

Auxiliary gear 341 341 341

Paint 549 945 1328

Propeller 200 253 358

Propulsion system 3240 5800 13229

Total 18357 22501 33822

Figure 4.5: Sensitivity analysis on the Class I and Class II sizing

4.4 Budget Allocation

This section will elaborate on the power and mass budget allocation. For both, a contingency factor of
20% is taken into account for the uncertainty in the early stage of the design. All budgets are then used
as a requirement for further design of the subsystems.
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4.4.1 Mass
The weight budget allocation is done by means of the outcome of the Class II weight estimation from
section 4.2.3. It is important to note that in Tab. 4.1, the contingency factor was not taken into account.

4.4.2 Power
The electrical power budget is analyzed during the most critical load case and is allocated with the use of
the method described in Roskam [8]. Here, the McDonnell Douglas DC-10 is used as a reference aircraft.
However, due to the age of the DC-10, also the electrical load analysis from [9] is used. Tab. 4.2 shows
the power budget allocation, including the 20% contingency factor. The flight control and hydraulics
were allocated more electrical power due to the fact that the ModuLR versions are unmanned and that
electrohydrostatic pumps are used, respectively.

Further details concerning the electrical system are described in chapter 9.1.

Table 4.2: Power budget allocation

Subgroup Maximum Power [VA]

Exterior lighting 570

Fuel 2280

Hydraulics 3000

Flight control 12000

Electrical power 9480

Miscellaneous 300

Total 27630

The flowchart in Fig. 4.6 depicts the entire flow during both the preliminary Class I and Class II sizings,
as well as the detailed design. Every part within the flowchart has been programmed in either Python
or Matlab and updates a single data matrix with all input and output variables. This matrix, consisting
of over 1200 parameters, contains the complete aircraft design
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Figure 4.6: Code flow chart
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Chapter 5

Performance and Propulsion

In this chapter, the performance characteristics and propulsion system of the ModuLR are presented.
Even though variables are constantly exchanged between both areas, the aircraft performance is described
first in section 5.1 followed by the propulsion system design in section 5.2. The design of the aircraft
performance and the propulsion system is based on the FPP requirements from the compliance matrix
in chapter 12. The adherence to these requirements is discussed in the combined conclusion section 5.3.

5.1 Performance
The aircraft’s performance consists of various elements such as range, take-off and landing distances,
and environmental considerations which includes noise and greenhouse gas emissions. The stability and
controllability performance of the aircraft are however described in chapter 6.

5.1.1 Method
The calculation methods of the performance parameters are elaborated on in the subsequent sections.

Range Performance Calculation
A general, but essential performance indicator is the attainable range of the cargo aircraft while carrying
a certain amount of payload and fuel. This section describes the method on how the payload-range and
fuel-range relations are obtained, in the order that they are mentioned. The method is applicable to all
three configurations.

Before proceeding with the formulas, the main code has been run and terminated successfully to ensure
that all required parameters are available and have converged to optimum values. For the payload-range
relation, the Breguet range formula for propeller aircraft [10] is used to obtain the range in Eq. 5.1. The
fuel fraction in cruise is calculated according to the fuel fractions method [10] in Eq. 5.2.

R =
ηprop
g0 · cp

CLcr
CDcr

ln

(
W4

W5

)
(5.1)
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=

W2
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W3

W2
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W4

W7

W6

We

W7

1− mf,used
MTOM

(5.2)

Since reserve fuel is present, mf,used equals the total carried fuel mass divided by a factor of 1.1. The
variables that remain constant for all the configurations are summarized in Tab. 5.1.

Table 5.1: Constants used for all configurations for range calculations [10]

Constant Value Unit Constant Value Unit

W2

Ws
(engine start-up) 0.992 - g0 9.8067 m/s2

W3

W2
(taxi) 0.996 - ηprop 0.86 -

W4

W3
(take-off) 0.996 - cp 6.81·10−8 kg/J

W5

W4
(climb) 0.990 - ρfuel

a 804 kg/m3

W7

W6
(descent) 0.992 -

We

W7
(landing, taxi, shutdown) 0.992 -

ahttps://web.archive.org/web/20110608075828/http://www.bp.com/liveassets/bp_internet/aviation/air_bp/

STAGING/local_assets/downloads_pdfs/a/air_bp_products_handbook_04004_1.pdf, visited on: June 22, 2017

https://web.archive.org/web/20110608075828/http://www.bp.com/liveassets/bp_internet/aviation/air_bp/STAGING/local_assets/downloads_pdfs/a/air_bp_products_handbook_04004_1.pdf
https://web.archive.org/web/20110608075828/http://www.bp.com/liveassets/bp_internet/aviation/air_bp/STAGING/local_assets/downloads_pdfs/a/air_bp_products_handbook_04004_1.pdf
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Different ranges can be obtained if the payload is exchanged for fuel, so there are three loading cases
that are investigated:

1. Carry maximum payload for which the configuration is designed and the remaining mass is fuel;

2. The wing fuel tanks are completely filled and the remainder is payload. If the MTOW does not
allow for full wing fuel tanks, then these are filled as much as is allowed and the payload mass will
be zero;

3. Carry no payload and the remaining mass is fuel.

For the above cases it is assumed that the MTOW and OEW remain constant, and that additional fuel
can be stored in the fuselage if the wing fuel tank capacity is exceeded. The application of Eq. 5.1 for
each case yields a set of payload (and fuel) masses linked with specific range values. At this point the
payload-range diagram can be plotted. Since the fuel masses have also been determined for the cases,
the fuel-range diagram can be plotted as well. As a note, the fuel values used for the plot do not include
reserve fuel. Per diagram, three curves are obtained, which represent the three configurations.

Take-off and Landing Performance Calculation
The take-off and landing performances are evaluated according to the lecture slides [11][12]. For the
calculations, the assumptions made are as follows:

• The runway is horizontal and dry;

• There is no wind;

• The aircraft weight is constant;

• The thrust vector is parallel to the velocity;

• The ground effect is neglected;

• Climb is steady at screen height.

The take-off performance is analyzed is two ways. First, using the power available the take-off distance is
calculated. Next, the required take-off distance and initial guess of power as input are used to calculate
the power needed in an iterative process until the required take-off distance value is reached. Eq. 5.3 is
used for this process [11].
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MTOWV 2
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2g0(
PηTO,roll
V ηprop

− D̄ − D̄g)
+

1
2g0

(V 2
scr − V 2
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(5.3)

In addition, the climb rate and climb gradient are calculated using Eq. 5.4 and 5.5 [13], respectively.
Take-off conditions are used for both equations.
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The landing performance is evaluated using Eq. 5.6 [12].

sLand,total = sairborne + sground =

WLand

2g0
(V 2
T − V 2

A)−WLandhscr
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+
WLand

2g0

V 2
T

¯Trev + D̄ + D̄g
(5.6)

Greenhouse Gas Emissions Calculation
There are two greenhouse gases that are of interest in this project, CO2 and NOx, as they are directly
linked to the requirements. Additionally, the analysis of these gas emissions provides insight on how
sustainable the design is.

Firstly, the aircraft’s CO2 emissions are calculated using Eq. 5.7, which are presented as the cruise
CO2 emissions divided by FTK (Freight Tonne Kilometer). The division by FTK enables the comparison
of the gas emission performance with other aircraft and relates the gas emissions with cargo aircraft
performance indicators.

mCO2

FTK
=
mf,used · EICO2

mPL
1000 ·

R
1000

(5.7)
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It is assumed that all aircraft used for the CO2 emissions calculations make use of the same jet fuel
(A-1) that has an Emission Index (EICO2

) of 3.144 kg CO2 per kg of fuel1 given a fuel density2 of 804
kg/m3. The values of the other variables on the right hand side of the equation are results from the range
performance calculations from section 5.1.1. The analysis is performed for all the aircraft configurations,
Boeing 747-400, and few other reference aircraft.

Secondly, the aircraft’s NOx emissions calculations are done according to the DLR method [14], as
suggested by the emissions research department of TU Delft’s faculty of Aerospace Engineering. The
method contains a step by step procedure, which is not presented in this report due to page limitations,
although it only contains three steps. The method uses as input parameters the local atmospheric
properties, the engine fuel flows with their corresponding power setting, and reference values for EINOx .
An estimation of the EINOx is returned at the end. The used assumptions and conditions are listed
below for the ModuLR and the Boeing 747-400, which are the only aircraft used for the NOx emissions
analysis:

• ModuLR (applicable to all configurations): Since EINOx data is not available for the engines,
a comparable engine (T56-A-19 engine [15]) is used to obtain the EINOx versus fuel flow curve.
Furthermore, the cruise conditions are used and ISA is assumed for the calculation of atmospheric
properties. The fuel flow value comes from the engine properties calculations, which is described
in section 5.2. The fuel flow value of a single engine is used in the DLR method;

• Boeing 747-400: The assumptions are very similar to the ModuLR’s. The reference EINOx and
fuel flow data are used from the General Electric CF6-80C2B1F engine data [16]. The cruise and
ISA conditions are used. The total fuel mass flow during cruise is estimated by dividing the fuel
mass by the range and then multiplying by the cruise velocity. For the analysis the fuel flow of a
single engine must be used, so the fuel flow is divided by four. Information on the cruise conditions
and other parameters of the Boeing 747-400 can be found in the information sheets3. The data for
the basic Boeing 747-400 with General Electric CF6-80C2B1F engines are used.

Once EINOx is obtained, Eq. 5.8 can be used to calculate the NOx emission performance.

mNOx

FTK
=
mf,used · EINOx

mPL
1000 ·

R
1000

(5.8)

Noise Emissions Calculation
To investigate the noise emissions of the ModuLR, and to compare that with a Fokker 50 due to require-
ment RUCA-C-ENV-1, the Integrated Noise Model (INM) software is used. The software is provided by
the Air Transport and Operations (ATO) section of the faculty of Aerospace Engineering of TU Delft.

The INM requires specific noise data from the engine to be able to model the noise or Sound Exposure
Level (SEL) contour. The XROTOR software [17] does return the sound levels in dB of the engine, but
gives no data on SEL nor Effective Perceived Noise Level (EPNL) which are required as input data for
the INM. The use of XROTOR is further elaborated in section 5.2. Thorough analysis of the engine and
airframe noise requires extensive research and cannot be performed within the given time of this project.
Therefore a comparable but slightly more powerful engine is used, which already exists in the INM
database. The chosen engine is the 501D13 turboprop which has similar properties as the ModuLR’s,
but delivers 2800 kW of power [18] compared to the ModuLR’s 2645 kW. Inside the INM, various settings
are changed to model the noise contour, ranging from runway specifications to aircraft data. The entire
setup is changed with the help of the user manual [19]. Firstly, the airport location was set 0 for both
lateral and longitudinal coordinates, and the elevation was also set to 0. The civil aircraft of interest
are then included, which are the DHC830 and a modified copy of the C-130E that will represent the
ModuLR. Due to requirement RUCA-C-ENV-1, the Fokker 50 SEL contour must be compared to the
ModuLR’s. However, the INM sees the DHC830 as a replacement of the Fokker 50. For certification
purposes, three reference location points4 are added afterwards. Next, one runway is defined with an

1https://www.eia.gov/environment/emissions/co2 vol mass.php, visited on: June 22, 2017
2https://web.archive.org/web/20110608075828/http://www.bp.com/liveassets/bp internet/aviation/air bp/STAGING/

local assets/downloads pdfs/a/air bp products handbook 04004 1.pdf, visited on June 22, 2017
3http://www.boeing.com/resources/boeingdotcom/company/about bca/startup/pdf/freighters/747−400f.pdf, visited

on June 22, 2017
4https://www.icao.int/Meetings/EnvironmentalWorkshops/Documents/Noise-Certification-Workshop-

2006/Depitre 4.pdf, visited on June 25, 2017
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arbitrarily chosen length of 3.5 km and the tracks are straight extensions of the runways with each having
a length of 100km. In the following step, the ModuLR data from Tab. 5.2 are inserted.

Table 5.2: ModuLR input data for the INM

Parameter Value Units

Max Gross Take-off Weight 64517 kg

Max Gross Landing Weight 64517 kg

Max Landing Distance 2036 m

Noise 501D13 -

Number of Engines 4 -

Static Thrust 5067 lbf

The flight profiles are left unmodified as well as the flap and general coefficients, since those require
data that come from measurements [19]. Only after obtaining the required data, the coefficients can
be calculated using a specific method [20]. There is one departure flight added, and run settings are
adjusted such that SEL is calculated and that the lower and upper boundary values are set to 45 and
85dB respectively.

5.1.2 Results
In this section, the results of the analyses described in section 5.1.1 are described in the same structured
way.

Range Performance Results
The payload-range and fuel-range diagrams are presented in Fig. 5.1a and 5.1b, respectively. Referring
to the diagrams, there is no kink at the point where the fuel tanks in the wing are fully loaded because
any additional fuel can be kept inside the fuselage.

(a) The payload-range diagram of the ModuLR (b) The fuel-range diagram of the ModuLR

Figure 5.1: The payload-range and fuel-range diagram of all ModuLR configurations

Take-off and Landing Performance Results
The findings from the take-off, landing, and climb calculations are summarized in Tab. 5.3.

Table 5.3: Take-off, landing , and climb performance of all configurations

Parameter ModuLR-100 ModuLR-200 ModuLR-300

Take-off distance [m] 914.4 2120.3 3048.0

Landing distance [m] 903.3 1511.3 2035.8

Climb rate [m/s] 12.9 7.06 7.23

Climb gradient [-] 0.233 0.119 0.112

Required power per engine [kW] 2645 2189 2111
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Greenhouse Gas Emissions Results

In Tab. 5.4, the findings from the greenhouse gas emissions analysis are summarized. The variables
correspond with the ones used in Eq. 5.7 and 5.8. In the gas emission per FTK columns the percentage
in difference with respect to the Boeing 747-400 are indicated. It is assumed that the 747-400 carries
70% of its payload capacity for the chosen range.

Table 5.4: CO2 and NOx emissions performance using the Boeing 747-400 as reference (0%)

Aircraft Type mfuel EICO2 EINOx R mPL CO2/FTK NOx/FTK

[kg] [kg/kg] [kg/kg] [km] [kg] [kg/(km*1000kg)] [kg/(km*1000kg)]

ModuLR-100 2524 3.144437 0.008228 1443 1200 4.583368 (+537%) 0.011993 (+293%)

ModuLR-200 6028 3.144437 0.008342 3215 6000 0.982616 (+37%) 0.002607 (-14%)

ModuLR-300 18256 3.144437 0.008342 7144 12000 0.669616 (-7%) 0.001777 (-41%)

Boeing 747-400a 119170 3.144437 0.013215 9300 56000 0.719513 (0%) 0.003055 (0%)

Aeritalia G.222b 8110 3.144437 - 4630 3800 1.449437 (+101%) -

An-72Ac 5450 3.144437 - 800 10000 2.142148 (+198%) -

C-130d 20108 3.144437 - 4000 19355 0.816693 (-14%) -

ahttp://www.boeing.com/resources/boeingdotcom/company/about bca/startup/pdf/freighters/747−400f.pdf, visited
on June 24, 2017

bhttp://www.flugzeuginfo.net/acdata php/acdata g222 en.php, visited on June 24, 2017
chttp://www.aerospaceweb.org/aircraft/transport−m/an72/, visited on June 24, 2017
dhttp://www.aerospaceweb.org/aircraft/transport−m/c130/, visited on June 24, 2017

Noise Emissions Results

Only the largest configuration, the ModuLR-300, is used in the model since it is the noisiest of all
three configurations by having 4 engines and the largest airframe. This implies that if this configuration
meets the noise requirements, then the other configurations meet them as well. The SEL contour of the
DCH830 is presented in Fig. 5.2 and the ModuLR’s in Fig. 5.3. Notice that for each figure three circles
are placed that represent the approach, lateral and flyover points respectively if seen from left to right.
These refer to the points as indicated in the ICAO noise standards [21], which is used for certification.

Figure 5.2: The DCH830 (the Fokker 50 substitute) SEL contour at departure, where the border between
green and dark blue is 55 dB

5.1.3 Verification and Validation
The verification and validation (V&V) of the results and used tools are elaborated on in the following
subsections.
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Figure 5.3: The modified C-130E (the ModuLR-300 substitute) SEL contour at departure, where the
border between green and dark blue is 55 dB

Range Performance

Analysis of dimensions is done for Eq. 5.1 and 5.2 and are deemed correct. To check whether the formula
are written correctly in the spreadsheet, each variable is substituted by 0, one at a time, to check if the
outcome is logical. Furthermore, it is checked whether the input values make sense, e.g. the sum of OEW,
mfuel, and mPL should return the value of MTOM minus trapped fuel. Additionally, it is checked that
the wing fuel tank can hold enough fuel required at nominal payload for all configurations. Also, the
units are checked whether the correct SI units are used and dimensionless if the variable is a coefficient.
The calculations are considered verified after performing these checks. Validation is done by comparing
the results with the performance5 of a Fokker 50. The Fokker 50 flies 2300 km with 2500 kg of fuel and
3500 kg payload whereas the ModuLR-200 flies 3908 km with 5000 kg payload using 6937 kg fuel. So
the ratio of fuel mass over FTK of the Fokker 50 and ModuLR-200 are 0.29 and 0.36 respectively, and
validates the results as those numbers are of the same order.

Take-off and Landing Performance

The results of the equations used in the methodology, section 5.1.1, are calculated using Python. There-
fore the syntax, input and output variables, and values of those variables are checked for inconsistencies
and typing errors. Especially the units of variables have been converted to SI units when necessary. The
equations have undergone the same procedure and by changing input values one-by-one, the outputs are
checked whether they change as they should. For instance, by setting Pbr to zero in Eq. 5.4 and 5.5 the
outcome will be negative. The dimensional analysis is performed for all used equations from Eq. 5.3 to
5.6, and they are deemed correct at the end. The code solves the equations in the order that they are
presented in the report and runs without giving any errors. It returns correct values using examples from
lecture slides [13]. All in all, the code is then considered as verified. Due to the lack of available data
and time constraints, only the ModuLR-300’s take-off and landing performance is compared with the
P-3 Orion, which has around the same MTOW and OEW. The P-3’s take-off run and landing distance
are 1297.3 m and 883.9 m respectively, which are significantly lower than ModuLR’s as seen in Tab. 5.3.
Data of the P-3 Orion are provided on the manufacturer’s website6. To complete the validation analysis,
for each configuration more reference aircraft must be identified and the missing data must be requested
directly from the manufacturers instead of searching the internet for data.

Greenhouse Gas Emissions

Similar to how the range performance is verified, dimensional analysis is performed and the results’
behavior is observed when variables are changed to 0 one at a time. Moreover, the conversion factors
used to convert imperial units to metric units are checked. Intermediate results are displayed to check
whether the values are in the correct magnitude, e.g. the range in km multiplied by payload mass in
tonnes should not result in a value smaller than 1000 or yield a negative number. The calculations are
thereby verified. For validation, the results are compared with values of reference aircraft, for example
the CO2 emissions are compared with three other comparable cargo aircraft as seen in the bottom rows

5http://www.flyfokker.com/sites/default/files/FLYFokker/FlyFokker PDF Fokker50 Performance.pdf, visited on June
24, 2017

6http://lockheedmartin.com/us/products/p3/p-3-specifications.html, visited on: June 26, 2017
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of Tab. 5.4. All those CO2/FTK values are of the same magnitude, so they indeed make sense. As for
the validation of the DLR method which is used to calculate NOx/FTK, it is described in reference [14].

Noise Emissions
The INM tool has already been verified and validated by FAA7 and so is the INM database. Fig. 5.2 is
therefore accurate enough to represent the Fokker 50 for this project, as only preset values are used for
that aircraft and its engines. For the verification of ModuLR’s noise emissions, it is assumed that the
calculations done by the INM are correct since realistic input values are used and are within the bounds
that the program can handle. Moreover, many parameters are kept at their preset values. The execution
of the program does not return any error messages and no discretization errors are found in the output,
i.e. the noise contour. Only near the borders of the grid irregularities can be found and a notification that
the climb rate has slightly changed emerges, but they do not affect the analysis significantly. Therefore,
the model of the ModuLR is considered as verified. For the validation part, it is required to perform
real-life measurements of the noise that is emitted by the engine and propellers in order to compare
it with the results from the model. In the model a comparable, but slightly overpowered turboprop
is used which is part of the standard INM database, so the results from those measurements should
return lower noise values. But as the ModuLR’s noise contour is right now, it even produces significantly
more noise than the comparable aircraft C-130E. Thus the modeled contour is not representative for the
ModuLR-300.

5.1.4 Sensitivity
This section elaborates upon the sensitivity of the results of the performance indicators that are discussed
in this chapter. Emissions sensitivity is left out since by inspection of Eq. 5.7 and 5.8 the relations
between variables are straightforward. The noise sensitivity is omitted due to the incomplete validation
of the results.

Range Performance Sensitivity
The range sensitivity is reflected in Tab. 5.5. The effects on range due to changes to most of the variables
from Eq. 5.1 are obvious, so only the lift-over-drag ratio, MTOW, and the reserve fuel can be seen in
the table. The velocity and altitude are initially variables of interest, but since these are closely related
to many parameters such as the Reynolds number, angle of attack, component drag, propeller speed and
efficiency etc., it takes a lot of time and resource to analyze the effects to the range. Thus it is decided
to use the lift-over-drag instead. As for the increase in MTOW, the additional weight belongs to the
OEW. The third parameter, mf,res, represents the reserve fuel, which is originally 10% of the used fuel.

Table 5.5: Sensitivity of the range for all configurations, where the values represent range in km

ModuLR R at max mPL MTOW + 10% mf,res = 0.05 mf,used L/D +10%

-100 1444 1234 1555 1588

-200 3908 3425 4165 4298

-300 7144 6278 7611 7859

Take-off and Landing Performance Sensitivity
Tab. 5.6 contains results from the sensitivity analysis where the values are given in SI units. To save
space, the original values are not present in the table. Those values can be found in Tab. 5.3.

5.1.5 Sustainability
Effort put into sustainability is partially reflected in Tab. 5.4 where especially the ModuLR-300 performs
better in emissions than the Boeing 747-400 freighter. The performance decreases regarding the ModuLR-
100 and -200 due to their FTK values, even though their EINOx are lower than that of the 747.

5.2 Propulsion
All three configurations have different maximum power requirements as described in Tab. 5.3 in section
5.1.2. Selecting a different engine per configuration results in high production and maintenance cost.

7https://www.faa.gov/about/office org/headquarters offices/apl/research/models/inm model/, visited on: June 26,
2017
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Table 5.6: Take-off, landing , and climb performance sensitivity of all configurations

MTOW +10% VLOF +10% hscr +10% CL,max,TO +10%

ModuLR sTO sL c c
V sTO sTO sL sTO c c

V

-100 1164 1002 10.5 0.181 957 919.7 917.8 808.0 14.05 0.248

-200 2781 1681 5.62 0.091 2286 2131 1526.8 1861.6 7.82 0.128

-300 4040 2308 6.98 0.088 3335 3061 2051.9 2663.8 7.80 0.118

Therefore, a new engine is designed that optimally combines the power requirements of the different
configurations and can be used on all three of them. The maximum power of the engine is based on the
maximum power requirement of the small configuration (2645 kW). This means that automatically a
design margin is applied to the baseline and big configuration. This engine should have a high efficiency
and low specific fuel consumption. The propeller of the engine should furthermore be designed for
minimum noise based on the noise requirements from chapter 12.

5.2.1 Method
The design of the power subsystem consists of designing the gas turbine (engine) and the propeller itself.
Firstly, the design method of the engine will be discussed, followed by the propeller design method.

Engine

The design of the engine is split into three phases. Firstly, general design decisions are made based
on literature and reference engines with similar power requirements. Then, a tool is built in order to
calculate the performance of the engine and to optimize this with respect to specific fuel consumption
during cruise. Lastly, the engine design is finalized by calculating its dimensions and weight.

Based on the maximum power requirement during take-off as described in section 5.1.2, five reference
engines are selected and analyzed. These are used throughout the design process to both get indication
of values and configurations and to validate the design.

Four general design decisions are made before starting with the engine model. These include choosing
between a radial and axial compressor, selecting the turbine type, choosing a type of combustion chamber,
and lastly deciding about the type of nozzle to be used.

The engine model allows for calculating the engine parameters. Its two main goals are to minimize
the specific fuel consumption during cruise and to provide a take-off power of 2645 kW. The model is split
into two sections. The first section considers take-off performance whilst the second section represents
cruise performance. The model calculates the temperature and pressure at each stage of the engine using
thermodynamic formulas for real cycles [22]. Then, the total thrust and power are calculated using both
the propeller thrust component and the airflow thrust component. Lastly, the specific fuel consumption
is computed by dividing the fuel mass flow by the available power.

The engine model uses two kinds of variables, called fixed and free variables. The fixed variables are
set throughout the calculations and cannot be changed whilst the free variables are changed to optimize
the engine.

In setting up the model, eleven important assumptions about fixed variables are made. These are
listed below:

• Jet A-1 fuel with a caloric value of 42.8 MJ/kg is used [23];

• The mechanical efficiency is equal to 0.99 [23][24];

• The turbine isentropic efficiency is equal to 0.89 [23][24];

• The combustion chamber pressure ratio is equal to 0.96 [23][24];

• The nozzle efficiency is equal to 0.95 [23][24];

• The combustion efficiency is equal to 0995 [23][24];

• The inlet isentropic efficiency is equal to 0.9 [23][24];

• The pressure ratio over a compressor stage is equal to 1.36 [25];
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• The mass flow during take-off is equal to 30 kg/s [23][24][26]89;

• The mass flow during cruise is equal to 20 kg/s [23][24][26] 1011;

• The compressor pressure ratio for cruise and take-off are equal [23].

The main free variable parameters to optimize the engine are the pressure ratio over the compressor and
inlet (Π), the combination of compressors and turbines and their pressure ratios, and the turbine inlet
temperature (T0,4). Increasing T0,4 models a higher throttle setting (more fuel). A higher Π increases
the temperature at the inlet of the combustion chamber, resulting in a lower required fuel mass flow. The
same holds for a T0,4, which also decreases the ∆T required to be achieved in the combustion chamber.
Eq. 5.9, where T0,3 represents the combustor inlet temperature, T0,4 the turbine inlet temperature, and
ṁf the fuel mass flow, illustrates these effects. The number of compressors and turbines, often varying
between 1 and 3 [25], influences the efficiency of the engine as well.

ṁf =
ṁcp,g(T0,4 − T0,3)

LHVfηcc
(5.9)

After calculating the engine performance, the engine is sized. This sizing consists of determining the
engine diameter, length, and mass. The selected type of compressor, number of compressor stages,
combustor type, maximum power, and the number of turbines are compared to the five reference engines.
Based on the level of similarity between these components, the engine is sized. The similarity between a
reference engine and the designed engine is quantified using a similarity factor (SF). Eq. 5.10 describes
the computation of this similarity factor and Tab. 5.7 presents the SF per engine.

SF =

n∑
i=1

|1− xi
xref
|

n
(5.10)

Table 5.7: Engine Sizing Overview

Engine Parameter T56 Series PW 150 Series T64 Series AE 2100D2 Ivchenko AI-20

SF 0.80 0.36 0.81 0.78 0.867

For the combustion chamber type and compressor type (not directly quantified), the score is adjusted
by hand based on the similarity level. In order to calculate the engine length, for example, the similarity
factors are multiplied with the respective reference engine lengths. These number are then summed up
and divided by the sum of similarity factors. In this way, the engine length, diameter and mass are
computed.

Propeller

As described in the section introduction, the propeller has to be designed for highest efficiency and low
noise whilst being structurally feasible. The main design parameters in the propeller design are listed
below:

• Material type;

• Constant speed or fixed pitch propeller;

• Number of blades;

• Blade radius;

• RPM;

• Airfoil.

8 https://www.revolvy.com/main/index.php?s=General%20Electric%20T64
9https://en.wikipedia.org/wiki/Ivchenko AI-20

10 https://www.revolvy.com/main/index.php?s=General%20Electric%20T64
11https://en.wikipedia.org/wiki/Ivchenko AI-20
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Propellers are normally made out of metal (alloys) or composites12. The latter have a higher strength and
have a better resistance against fatigue. However, they are more expensive and less robust13. Constant
speed propellers can achieve higher efficiencies than fixed pitch propellers. However, they are heavier
and more complex [27]. A higher number of blades positively influences the propeller efficiency as the
power and thrust are distributed more evenly the propeller wake [28]. Increasing the blade radius also
has a big positive impact on the propeller efficiency because a bigger volume of incoming air is caught
which allows for distributing the power and thrust over a bigger volume [28]. However, a larger blade
radius increases the moment created by the thrust at the root of the blade. A larger blade radius also
increases to tip velocity and therefore the tip Mach number. This can lead to stall at the outer parts of
the rotor blade which then leads to a decrease in lift and consequently of efficiency. The same principle
is applicable to the RPM of the propeller. A higher RPM is, in principle, good for the efficiency of the
propeller until the Mach number at the outer parts of the blades get too high and a drop in lift occurs.
The airfoil selection is an important tool in maximizing the efficiency whilst preventing too high stresses
at the blade root and stall at the blade tip.

In the design of the propeller blade, the blade section is split into three. The first section ends at 0.33
r/R, the second at 0.66 r/R, and the third section at 1. r/R. For the first section, an airfoil with a high
t/c will be selected as a high moment of inertia is important close to the blade root. For the third section,
an airfoil will be selected with a low t/c value as a high critical Mach number is more important than a
high moment of inertia here. The second section will consist of an airfoil with intermediate performance
parameters. The exact t/c values will be based on the maximum Mach numbers in the sections. Marte
and Kurtz [29] divide propeller noise into two categories. These include ordered (rotational) noise and
vortex noise. The disk loading (force per disk area) is an important parameter in this ordered noise. The
lower this disk loading the lower the perceived rotational noise [29]. The disk loading can be decreased
by increasing the number of blades or increasing the blade radius. However, increasing the tip radius
also increases the tip velocity which leads to an increase in rotational noise [30]. Therefore a balance in
the blade radius has to be found. The second noise category is vortex noise. According to Marte and
Kurtz [29], increasing the blade velocity and the blade area both have a negative influence on the vortex
noise. However, doubling the blade velocity leads to a six times as high dB increase than doubling the
blade area [29]. A final consideration in designing the propeller for noise is that a too high number of
blades can result in blades operating in each others disturbances, causing an increase in noise [31].

After deciding about the material type and between using a constant speed propeller or a fixed pitch
propeller, the other parameters are changed simultaneously to obtain an efficient low-noise design. These
simulations are performed using a modified written design model combining Matlab14 and XROTOR
[17]. Here Matlab is used to extract airfoil parameters and perform the structural analysis after wich
the data is transferred to XROTOR for the blade design and vice versa. The propeller is designed
for a maximum efficiency during cruise as this is the dominant flight phase. The structural analysis is
performed using the following method.

From rotor geometry, the c/R ratio is obtained at the station closest to the propeller hub. Using the
chord and the airfoil t/c, the blade thickness at the root can be determined. The bending moment at the
blade root is calculated assuming that the total thrust is distributed evenly across the blades and can
be represented by a single force acting at 0.75 r/R [32]. The moment of inertia and maximum normal
stress (σ) at the root are then calculated using Eq. 5.11 and 5.12 respectively.

Ixx =
1

12
c(t)3 (5.11) σ =

My

Ixx
(5.12)

The calculated stress value is compared to maximum tensile (yield) stresses of the selected material type
in order to verify that the design is structurally feasible.

The propeller design procedure can be summarized as follows. After selecting a material and type
of propeller, the preliminary Mach number distribution across the blade is determined and a Reynolds
number is estimated. With this and a Cldesign , the airfoils can be selected and the propeller blades can
be sized. Then, a noise analysis and structural check are performed. When the structure is not strong
enough, the blade is redesigned. The formulas used to determine the Mach number distribution, size the
blades, and perform the noise analysis are incorporated in the XROTOR software [17].

12http://www.experimentalaircraft.info/articles/aircraft-propeller-selection.php, visited on June 24, 2017
13http://www.fp-propeller.com/e technology con.html, visited on June 24, 2017
14https://nl.mathworks.com/products/matlab.html, visited on: https://nl.mathworks.com/products/matlab.html
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5.2.2 Results
The resulting engine and propeller design are presented in this section.

Engine

The first general design decision considers the compressor type. As axial compressors are able to achieve
higher pressure ratios than radial compressors, positively influencing the overall engine efficiency [33][34],
an axial compressor will be used in the engine. It furthermore requires less frontal area which is convenient
for reconfiguration purposes. The effects of its higher maintenance cost are minimized by only using one
type of engine for the three configurations. The engineers therefore only have to perform maintenance
on one type of engine.

Another general design decision is the use of a free turbine in a multiple shaft configuration. This
allows the compressor(s) and propeller to operate at a different RPM, and for a lower overall noise and
higher overall efficiency 15 [35]. A gearbox will furthermore be used between the turbine and the propeller
to shift the RPM of the shaft. This is necessary as the turbine usually rotates at a RPM in the order of
10000 and the propeller at about 1000 RPM [36].

In selecting the type of combustion chamber, a can, annular, cannular and reverse flow type are
considered [37]. The reverse flow combustion chamber is deemed unfavourable due to its high diameter
and because it is normally used in combination with radial compressors [37]. The can combustion
chamber is also considered less good of an option due its inferior performance characteristics. In the end,
an annular combustor is selected based on its more uniform combustion, lower required surface area, low
pressure drop, relatively simple design, and uniform exit temperatures. It also has a smaller size, which
is especially important as the landing gear will fold into the the nacelle behind the engine [38][39].

Lastly, a convergent nozzle is selected to increase the thrust resulting from the engine exhaust [23].

Tab. 5.8 displays the final output of the engine optimization. The maximum available power (Pa)
will be achieved in take-off whilst the engine is designed to be most efficient in cruise. It is furthermore
observed that the engine performs best with one compressor instead of with both a low and high pressure
compressor.

Table 5.8: Outcome of engine optimization

LR-Dash8NeXtGeN Units Value

Maximum available power [W] 2647.26

Specific fuel consumption cruise [kg/J] 6.81E-8

Number of compressors [-] 1

Number of turbines [-] 2

Compressor pressure ratio [-] 15.1

Inlet pressure ratio [-] 1.1

Overall pressure ratio [-] 16.6

Number of compressor stages [-] 9

Fig. 5.4 shows the schematic layout of the engine. Nine compressor stages are visible, connected to a
shaft which is driven by the high pressure turbine (HPT). The low pressure turbine (LPT) drives the
propeller via the gearbox, as indicated by the blue and green shafts. The combustion chamber blocks
(CC) represent the annular combustion chamber.

Using the numbers in Fig. 5.4, representing the different stages of the engine, the T-S diagram is
drawn. This is shown in Fig. 5.5.

The selected type of compressor, number of compressor stages, combustor type, maximum power,
and the number of turbines are compared to the five reference engines. Based on the level of similarity
between these components and the individual reference aircraft, the engine is sized. Tab. 5.9 gives an
overview of the calculated engine length, diameter, and mass.

15https://www.airlinepilotforums.com/hangar-talk/9038-free-turbine-vs-direct-drive.html,visited on June 120, 2017



46 Delft University of Technology20 - Reconfigurable Unmanned Cargo Aircraft

Figure 5.4: Schematic Engine Layout

Figure 5.5: T-S Diagram Take-Off

Table 5.9: Engine Sizing Overview

Engine Parameter Units Value

Length [m] 3.0

Diameter [m] 0.89

Mass [kg] 855

Propeller

As described in the method section, the first general design decisions in the propeller design consider the
material type and the type of propeller. Composites are selected as material type because of their high
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tensile strength and because of their good fatigue performance 16 17. A ’guide’ maximum of stress of
360 MPa is used based on composite stress data18. Furthermore, a constant speed propeller is selected
because of its high efficiency. It furthermore allows for a high efficiency in multiple thrust settings19,
which is beneficial when using the same propeller blades in the different aircraft configurations.

Tab. 5.10 gives an overview of the selected airfoils. The critical Mach numbers are evaluated at a
Cldesign of 0.620 and a Reynolds number of 2E5. Note that the first section starts at r/R=0.11 because
of the propeller hub.

Table 5.10: Airfoil Selection

Section Airfoil Mcrit Clmax t/c

0.11 - 0.33 r/R NACA 63-630 0.52 2.4 0.30

0.33 - 0.66 r/R NACA 2418 0.64 1.62 0.18

0.66 - 1.0 r/R NACA 40006 0.8 0.71 0.065

Using these airfoils, the blade is designed for highest efficiency and low noise. The efficiency and the
main design parameters are shown in Tab. 5.11.

Table 5.11: Initial Propeller Design

Efficiency Number of Blades Tip Radius Hub Radius RPM

0.90 6 2.2 0.1750 890

Fig. 5.6a presents this blade geometry. The local efficiency, Mach number, and Cl are visible in Fig.
5.6b. Fig. 5.6c presents a ground noise footprint for cruise altitude.
The yellow dotted line in Fig. 5.6b represents the Mach number along the blade length. Comparing this
graph with the critical Mach numbers in Tab. 5.11, it is clear that the distribution along the blade nicely
fits with the selected airfoils. The Mach number at the blade tip is equal to 0.8 whilst the maximum
Mach number in section 1 and 2 are 0.52 and 0.63 respectively.

Looking at Fig. 5.6a, it seems that c/R at the blade root is very small. From the propeller data, it
follows that c/R is equal to 0.0081. This small chord is most likely to be caused by a too high number
of blades [28]. When performing the structural analysis as described in section 5.2.1, the bending stress
is calculated to be 47.5 GPa. This is way above the 360 MPa that is being designed for and therefore
this propeller design is deemed unfeasible.

The designed propeller blade is then adjusted in order to reduce the tip stress but to still keep the
efficiency high and the noise low. The outcome of the design adjustment is shown in Tab. 5.12.

Table 5.12: Final Propeller Design

Efficiency Number of Blades Tip Radius Hub Radius RPM

0.86 4 2.2 0.24 795

Fig. 5.7a presents the final blade geometry and the local efficiency, Mach number, and Cl are shown in
Fig. 5.7b. Fig. 5.7c presents the new ground noise footprint for cruise altitude.

Comparing the initial optimal design with the final design, it is observed that the efficiency has
dropped from 0.90 to 0.86. The Mach numbers along the final blade are slightly lower than for the initial
design as the RPM has decreased from 890 to 795. Although the RPM has decreased, the engine noise
has slightly increased (about 5 dB at 10,000 ft). This is most likely caused by the decrease in the number
of blades.

16http://www.compositesblog.com/2010/03/composites-vs-metal.html, visited on June 20, 2017
17http://www-mdp.eng.cam.ac.uk/web/library/enginfo/cueddatabooks/materials.pdf, visited on June 20, 2017
18http://advtechconsultants.com/CompositeMaterial.htm, visited on June 20, 2017
19http://www.flyingmag.com/technique/tip-week/constant-speed-prop-basics, visited on June 20, 2017
20http://www.dtic.mil/dtic/tr/fulltext/u2/a050593.pdf, visited on June 20, 2017
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(a) Ideal Blade Geometry (b) Ideal Blade Performance Data

(c) Ideal Ground Noise Footprint

Figure 5.6: Blade geometry (a), parameters of the propeller (b), and ground noise footprint (c) of the
initial run

The c/R ratio at the root of the final design is equal to 0.0415. Performing the structural analysis
from section 5.2.1, a maximum bending stress of 338 MPa is calculated. With this, the structure is
considered to be strong enough.

5.2.3 Verification & Validation

In this section, the verification and validation of the engine and propeller design is described. The
verification and validation are performed conform to the plan as described in the Mid Term Report [1].

Engine

Code verification has been a constant process while setting up the model and solving (syntax) errors.
Calculation verification of the engine model is performed by inserting data from Ir. Melkert [24] in the
model and comparing the resulting values to the ones provided. As the results are the same, it is verified
that all calculated temperatures and pressures, velocities, and thrust values in the model are correct.

Validation of the engine model is performed by comparing the outcomes to reference engines. More
specifically, the combination of T-S diagram (or specific temperatures) and thrust of the designed engine
is compared to the same combination for reference engines. When comparing the temperatures and
powers, it is observed that the turbine inlet temperature of 1095 K is relatively low compared to the
inlet temperature of the reference engines (1150-1200 K). This is explained by the lower required take-off
power for the designed engine. As the general design decisions and the sizing of the engine are performed
based on reference engines, these have already been validated.
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(a) Final Blade Geometry (b) Final Blade Performance Data

(c) Final Ground Noise Footprint

Figure 5.7: Final Blade geometry (a), parameters of the propeller (b), and ground noise footprint (c)

Propeller

As XROTOR was used to model the propeller dimensions, it is assumed that the model code and its
calculations have already been verified.

Validation of the engine model is done in twofold. The first part consists of using a simplified formula
to calculate the propeller efficiency and using existing noise data to validate the noise results. The second
part concerns the feasibility and compares the rotor geometry with existing models.

Equation 5.13 [40] is used as alternative method for calculating the propeller efficiency. In order to
compute the disk are (Adisk), an average c/R of 0.15 is assumed and the hub area is not taken into
account. The calculated efficiency is 0.88, compared to 0.86 from the model. This 2% difference is
acceptable, especially taking into the account the assumptions made.

ηprop =
2

1 + ( T
Adisku2

0
ρ
2

+ 1)2
(5.13)

The ground noise level of an aircraft propeller flying at 1000 ft is normally around 88 dB [41]21. When
generating a noise map for the designed propeller at 1000 ft, the maximum perceived dB level is 82 dB.
This value is considered feasible as the propeller is specifically designed for low noise.

21http://airportnoiselaw.org/dblevels.html, visited on: June 20, 2017
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The feasibility of the design geometry is validated by looking at existing propellers and their radius
and number of blades. Tab. 5.13 describes the basic geometry properties of three comparable propellers.
From Tab. 5.13, it is concluded that a blade radius of 2.2 m is feasible. Although all three propellers
have more than four blades, four blades is still considered to be a feasible amount considering the fact
that many propellers with four blades exist22 and based on information by Ir. Melkert [42].

Table 5.13: Propeller Geometry Basics Comparison

Propeller Number of Blades Tip Radius

ModuLR Propeller 4 2.2

Fokker 50 Propeller 6 1.83

Bombardier Q400 Propeller 6 2.05

TP400-D6 Propeller 8 2.67

5.2.4 Sensitivity
Engine
The sensitivity of the engine design is performed by analyzing how changing the turbine inlet temperature,
pressure ratio, density and velocity change the power during take-off and the specific fuel consumption
during cruise. Each of the four input parameters is both increased and decreases with 5, 10 and 20%.
Higher percentages will lead to unfeasible input values. Fig. 5.8a and Fig. 5.8b present the results of
the analysis. The most notable result is that increasing the pressure ratio initially seems to decrease the
SFC. This is explained by the available power decreasing more rapidly than the fuel mass flow. Please
note that not all turbine values and pressure ratios are possible, explaining the limited amount of blue
points in Fig. 5.8b.

(a) Take-off power sensitivity (b) Cruise SFC sensitivity

Figure 5.8: Sensitivity graphs on the take-off power (a) and cruise SFC (b)

Propeller
The propeller sensitivity analysis is performed by evaluating the effect of changing the input RPM, blade
radius, and number of blades. The RPM and blade radius are both increased and decreased by 5, 10, and
20% whilst the number of blades is changed to five and six. The effect of these changes on the propeller
efficiency and the ground noise level (dB) at 20,000 ft from the aircraft in cruise is analyzed. Note that
the structural feasibility of the propeller after the input changes is not considered.

Figure 5.9a shows the results of the sensitivity analysis for the propeller efficiency. Both increasing
the RPM and increasing the blade radius have a positive on the propeller efficiency. Comparing the two,
increasing the blade radius has a bigger effect on the efficiency than increasing the RPM. It must be

22https://en.wikipedia.org/wiki/Category:Turboprop aircraft, visited on: June 19, 2017
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noted that increasing the blade radius (too far) will lead to tip stall and will cause the root stresses to
be too high.

From the noise sensitivity results as presented in Fig. 5.9b, it can be seen that increasing the RPM
increases the noise level. This is expected according to the theory as presented in section 5.2.1. In short,
a higher tip speed causes the noise to be higher. Increasing the blade radius initially leads to an increase
in noise but when increasing the blade radius with 20%, the noise decreases again. The increase in noise
can be explained by the fact that the tip speed increases due to a longer blade. However, the blade area
also increases which leads to a decrease in disk loading. The decrease in noise could be explained by the
disk loading being more dominant.

(a) Propeller efficiency sensitivity (b) Noise sensitivity (20,000 ft ground, cruise)

Figure 5.9: Sensitivity graphs on the propeller efficiency (a) and noise level (b)

The sensitivity of changing the number of blades is summarized in Tab. 5.14. Increasing the number
of blades positively influence both the efficiency and the noise. The big influence on noise is however
striking. In practice, increasing the number of blades will lead to thinner blades, resulting in higher root
stresses again.

Table 5.14: Number of Blades Sensitivity

Outcome Parameter 4 Blades 5 Blades 6 Blades

Efficiency [-] 0.86 0.88 0.88

Noise [dB] 52 47 42

5.2.5 Sustainability
Environmental, social, and economic sustainability aspects are all considered in the power system design.
Minimizing the fuel consumption of the engine and maximizing the efficiency of the propeller contribute
to reducing emissions and therefore positively influence the environmental sustainability. Selecting com-
posite rotor blades might contribute negatively to environmental sustainability looking purely at the
material itself. However, using composites also allows the propeller to be more efficient and therefore
not only has a negative effect on environmental sustainability. The noise is reduced in order to positively
influence the social sustainability. Lastly, designing one engine for three different aircraft improves the
economic sustainability as the complexity of the design is reduced.

5.3 Conclusion and Recommendations
First, the conclusion of the performance and power analysis is described after which recommendations
are made. The conclusion is structured using the requirements flowing from the requirements discovery
tree and shown in the compliance matrix in chapter 12.

Conclusion
To conclude this chapter on performance and propulsion, an overview of requirements including com-
pliance descriptions are presented from which conclusions about the design are drawn. Overall, it is
concluded that the aircraft performs well given its inefficiencies induced by its reconfigurability.
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Considering the range requirements, the ModuLR-300 loaded with 10000kg payload has a range of
8130km, which is higher than the specified range of 4000 nmi (7408 km) in RUCA-T-REC-AP-4. The
ModuLR-200 also meets its range requirement (RUCA-T-NOM-PN-2) of 2000 nmi carrying a payload
of 5000 kg. However, the ModuLR-100 loaded with 1000 kg payload has a range of 1611 km which is
shorter than the required 1000 nmi (1852 km) as specified by RUCA-T-REC-AP-3. This difference is
causes by a lower final L/D than specified by the Class II base code. Assuming that intercontinental
routes exist and the aircraft is allowed to fly on those routes, the ferry range of 13965 km of the
ModuLR-300 covers all destinations in the world when departing from Amsterdam Schiphol Airport.
Only eastern Australia cannot be reached. Even its nominal range of 8130 km at 10000 kg payload allows
for intercontinental coverage23. Thus, requirement RUCA-T-OPS-FO-2 is met. Since that requirement
is met, it automatically implies that RUCA-T-OPS-FO-1 is met as well.

RUCA-T-REC-AP-1 specifies a maximum runway length of 914.4 m (3000 ft) which is met by the
ModuLR-100 with the numbers from Tab. 5.3. The engine and propeller are specifically designed to
meet this requirement, which has been explained in section 5.2 and is also formally stated by the RUCA-
T-FPP-P-1 requirement. Similarly, RUCA-T-REC-AP-2 specifies a minimum runway length of 3048 m
(10000 ft) which is met by the ModuLR-300 with the numbers from Tab. 5.3. Akin to the previous
requirements, RUCA-T-NOM-PN-1 specifies a maximum runway length of 2438.4 m (8000 ft) which is
met by the ModuLR-200 with its take-off distance value from Tab. 5.3. With the current MTOW values
as seen in Tab. A.3, all configurations meet the take-off and landing distance requirements and therefore
RUCA-T-NOM-PN-4 is met.

The aircraft at its best (ModuLR-300) is capable of reaching a mfuel/FTK of 0.213 kg/(km*1000kg)
when the numbers from Tab. 5.4 are used. That is a -7% difference with respect to the Boeing 747-
400, which means that RUCA-T-NOM-PN-3 is not met since at least -50% is needed. Since a constant
Emission Index for CO2 is used for all aircraft, the difference percentage of the ModuLR-300 with respect
to the Boeing 747-400 is also -7%. Therefore, RUCA-C-ENV-2 is not met. The ModuLR-300 reduces
the NOx/FTK by 42% compared to the Boeing 747-400 according to Tab. 5.4, whereas 50% is required.
Thus, the ModuLR does not meet RUCA-C-ENV-3. The reason for not meeting this requirement is the
inefficiency induced by carrying the same fuselage. The Boeing 747-400 does not have this issue and
therefore the difference is smaller than 50% when normalizing the emissions to range and payload.

The ModuLR’s contour is larger than the Fokker’s according to Fig. 5.2 and 5.3 and therefore RUCA-
C-ENV-1 is not satisfied. This is partially due to the use of some coefficients from reference aircraft
rather than of the newly designed engine and especially the propeller, and partly because of the slightly
overpowered engine. Certain coefficients, as mentioned in the method section, are not representative
for the ModuLR but are used for the model nonetheless since real measurement data are not available.
More recommendations can be found in the last part of this section. Even though the location points in
Fig. 5.3 are placed according to ICAO chapter IV noise standards [21], the noise contour does not seem
to represent the ModuLR correctly. This is discussed in the verification and validation section 5.1.3.
RUCA-C-LEG-2 can therefore not be checked for compliance at this stage. Compliance with the CS-25
certification standard can also not completely be verified given the large amount of regulations and the
limited time and data available for this project. It is recommended as an action point to walk through
the complete CS-25 in future studies. In conclusion, RUCA-C-LEG-3 can not be checked for compliance.

Recommendations
There are several recommendations for improvement and further investigations for the performance
analysis. Those are grouped in the four categories of range, take-off and landing, gas emissions, and
noise.

• Range: As mentioned in the sensitivity analysis, the effects of cruise velocity and altitude on
the range are suggested as further research. Furthermore, the effects on the fuel fractions due to
unmanned operations are suggested to be investigated, since the values are now based on statistics
of manned operations.

• Take-off and landing: In section 5.1.3 the lack of validation data is indicated, so for future
studies it is recommended to contact manufacturers or data banks to minimize the risk of missing
data. Take-off and landing distances are influenced by pilot technique, but if both procedures are
automated and optimized, then those distances may change to better values. A topic for research

23http://gc.kls2.com, visited on June 23, 2017
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can therefore be the take-off, approach, and landing flight paths optimization for unmanned aircraft
systems.

• Gas emissions: The CO2 can be done in more detail by investigating the constituents of certain
types of aviation fuel used by certain aircraft and setting up chemical equations for (ideal if possible)
combustion. Moreover, emissions during take-off and landing phases should be investigated in
addition to the cruise.

• Noise: In order to obtain improved results for the noise contour of the ModuLR, it is recommended
to investigate the noise effects of not only the engine, but also the airframe which is not modeled by
the INM. Thereby it is suggested to use the method24 published by NASA. Furthermore, detailed
departure procedures specifically aimed at the ModuLR should be defined. That includes defining
among others the power setting, thrust, control surfaces and high lift devices settings at any point
in time during departure. When to climb, accelerate, or level are included as well. INM also uses
airplane coefficients [19] that can only be obtained using a certain standard. If more time is made
available for the project, then the noise analysis will be more accurate.

Although the propulsion system design has been detailed already, the following recommendations can
be taken into account for further design. The individual engine components could be designed in more
detail. Think for example of designing the compressor and turbine in detail for a higher efficiency. In this
detailed compressor design, the pressure ratio over the stages could also be designed to be the exact value
required for optimum engine performance. In the current design, the pressure ratio over the compressor
is furthermore assumed to be the same during take-off and cruise while in reality they are different. A
more thorough analysis into this is another recommendation.

The current propeller design is mainly focused on cruise flight. As a constant speed propeller is consid-
ered, the pitch would have to change for take-off. A more detailed analysis of the propeller efficiency
during take-off and the take-off pitch angles is required. This is especially useful as tip speeds may
increase significantly. The current design lift coefficient for the propeller blades of 0.6 might furthermore
be a bit high and might be scaled down in future work. Another point to be researched is the possibility
of designing a different set of rotor blades for each aircraft configuration. In this way, the noise and
efficiency can be optimized. However, due to the increasing (high) propeller cost, the profitability of this
measure must be researched as well. Using more than three airfoils could also improve the performance
of the propeller. Again, the profitability is an issue here and must be thoroughly analyzed. In further
design, a detailed material selection has to be performed as well. It turns out that the propeller per-
formance is limited by the bending stress (and fatigue), so high-strength materials could lead to higher
efficiencies and lower noise levels. Furthermore, also different software like Helicel could be used. Lastly,
a detailed analysis of the power systems required for the engine and propeller would be a next step as
well.

24https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/19920001380.pdf, visited on June 26, 2017
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Chapter 6

Aerodynamics, Stability & Control

This chapter presents the design methodologies and final outcomes of the aerodynamics, stability &
control analyses for the ModuLR-100, -200, and -300 variants. Section 6.1 presents the wing designs,
followed by the nose design in section 6.2. The determination of the center of gravity is performed in
section 6.3. Section 6.4 presents the tail design, section 6.5 presents the control surface design, and
section 6.6 presents the stability and control characteristics. Finally, the total drag of the aircraft is
evaluated in section 6.7.

6.1 Wing design
In this section, the design of the wings and high lift devices (HLD) is discussed. Initially, the design
requirements are stated, followed by the method for the wing design. After this, the results from the
methods are presented. A sensitivity analysis is performed on the method.

The wings and high lift devices should adhere to the requirements RUCA-T-ACS-W-1 until RUCA-
T-ACS-W-6, which are explained in chapter 12. The wings will also adhere to RUCA-T-LEG-1 which
indicates the approach speed to be below 72 m/s which translates to a stall at landing of 56 m/s.

6.1.1 Method
Wings
In order to size the wing, an airfoil that fits within the aforementioned constraints has to be selected.
Airfoils are chosen that meet the requirements and have a design lift coefficient which is slightly higher
than the average lift coefficient during the cruise phase to allow for efficient flight. It is chosen slightly
higher such that the lift coefficient for the 3D wing will be closer to the design lift coefficient.

For the selection of airfoils, the parameters of the 3D wing are calculated to provide a basis for evaluation.
This is done using Eq. 6.1 and 6.2 from the the DATCOM method [43]. Using the new 3D lift coefficient
slopes and Eq. 6.3 for the 3D drag, the polars of the wings can be created.

CLα =
2πA

2 +
√

4 + Aβ
η + (1 + tan2Λ0.5C

β2 )
(6.1) CL = CLαα− CLαα0L (6.2)

CD = CD0 +
C2
L

πAe
(6.3)

The 3D stall behavior and maximum lift coefficient of the wing are estimated using Eq. 6.4 and 6.5 from
the DATCOM method [43] to complete the polars. The sharpness parameter of an airfoil is required,
which is calculated using Eq. 6.6.

CLmax =

(
CLmax
Clmax

)
Clmax + ∆CLmax (6.4)

αs =
CLmax
CLα

+ α0L + ∆αCLmax (6.5)

∆Y =
Y0.06c − Y0.06c

c
· 100 (6.6)

All wings have a taper of 0.4 and a zero sweep at the leading edge, which together with the surface area
and aspect ratio determine the planform of the wings. The zero sweep at the leading edge is chosen to
increase the maximum lift coefficient of the wing. The taper of 0.4 is chosen to approach an elliptical lift
distribution [43]. The drag coefficient at the beginning, middle and end of the cruise phase is checked to
provide a proper basis for airfoil comparison. The total drag coefficient is calculated using equation 6.8.
The drag coefficients at maximum lift are also evaluated. The drag coefficient instead of the wing drag
can be used for evaluation as all wing designs will have the same wing surface area. Hereafter, a final
check is done for the critical mach number, maximum lift coefficient, and corresponding drag coefficient.
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The span efficiency number is calculated using Eq. 6.7 [44]. The Reynolds number is obtained from the
XFLR5 software.

e =
1

1.05 + 0.007πAR
(6.7) CD = CD0 +

C2
L

πARe
(6.8)

This whole process is automated by integrating python and XFoil. The chosen designs are evaluated
using the plane and wing design environment in XFLR5 to get more accurate final results for the clean
configuration of the wings.

Flaps
In order to increase the lift, flaps are to be designed. The method from Roskam [5] together with the
results from the clean configuration of the wings are used. A safety factor of 1.1 is taken for the clean
maximum lift coefficient as depicted by Roskam. Fowler flaps are used and the required and obtained
lift change in lift can now be computed using Eq. 6.9, 6.10, 6.11, and 6.12 together with Fig. 6.1

∆Clmax = (∆CLmax)(S/Swf )/(kλ) (6.9) Kλ = (1− 0.08cos2(Λc/4))cos3/4(Λc/4) (6.10)

Swf/S = (ηo− ηi)(2− (1−λ)(ηi− ηo))/(1 +λ)
(6.11)

∆Cl = Clα(1 + cf/c)αδf δf (6.12)

Figure 6.1: Section Lift Effectiveness Parameter [5]

6.1.2 Results
Wings
The main geometrical parameters and used parameters for the wing evaluation are presented in Tab. 6.1
and 6.2, respectively. The planform of the wing is presented in Fig. 6.2. The airfoils that is used for all
three wings is the GOE412.

ModuLR 100 200 300
AR [-] 12.0 12.0 12.0
S [m2] 53.5 72.6 138
b [m] 25.3 29.5 40.7
λ [-] 0.40 0.40 0.40
croot [m] 2.84 3.31 4.56
ctip [m] 1.14 1.32 1.83

Table 6.1: Geometrical data of the wings
for all aircraft

ModuLR 100 200 300
e [-] 0.76 0.76 0.756
Mach [-] 0.5 0.5 0.5
Ncrit [-] 9.0 9.0 9.0
Retip [-] 11 · 106 13 · 106 18 · 106

Reroot [-] 28 · 106 33 · 106 46 · 106

Table 6.2: Input parameters used for aerodynamic
analysis

The drag, lift, and moment polars are presented in Fig. 6.3. All are obtained by using the wing and
plane design environment of XFLR5 in combination with the 2D airfoil evaluation environment. The
induced drag is calculated by hand and added to the profile drag. The wings are evaluated at Mach 0.5
and the Reynolds is applied variable by XFLR5 over the wing span using polars evaluated at different
Reynolds numbers.

Aerodynamic properties during various flight phases resulting from the aerodynamic analysis are
presented in Fig. 6.3. The values for the maximum lift coefficient of each configuration can now be used
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(a) Planform of the wing for the ModuLR-300

(b) Planform of the wing for the ModuLR-200

(c) Planform of the wing for the ModuLR-100

Figure 6.2: Planforms of the wings for each configuration

for the flap sizing.

Table 6.3: Wing Properties for each configuration

ModuLR 100 200 300
clcruise [-] 0.587 0.579 0.666
cdcruise [-] 0.019 0.018 0.022
cmcruise [-] -0.47 -0.44 -0.44
alfacruise [deg] -0.91 -0.89 -0.87
clmax [-] 1.83 1.85 1.87
alfastall [deg] 13.5 13.7 13.8

Flaps

Fowler flaps are chosen and the geometrical parameters as well as the related aerodynamic properties
are presented in Tab. 6.4. The flaps are also presented in the planform of the wings in Fig. 6.2 and in
Fig. 6.4. The flap chord over wing chord is 0.3 for all configurations.
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(a) Lift Coefficient to Angle of Attack (b) Drag Coefficient to Angle of Attack

(c) Moment Coefficient to Angle of Attack (d) Lift Coefficient to Drag Coefficient

Figure 6.3: Polars for all three wings with a GOE412 airfoil evaluated using XFLR5 at Mach = 0.5

Figure 6.4: Visual representation of fowler flaps

Table 6.4: Input parameters used for aerodynamic
analysis

ModuLR 100 200 300
CLmaxclean [-] 1.66 1.68 1.70

CLTO [-] 2.80 2.63 2.22
CLland [-] 2.07 3.22 1.7
dftakeoff [◦] 14.6 12.1 6.5
dfland [◦] 14.6 12.1 0.0
VTO [m/s] 60.0 65.0 70.0
Vland [m/s] 62.0 65.0 70.0

6.1.3 Sensitivity
Wing

A sensitivity analysis on the wing method is performed to check the effect of selecting the minimum
value for the maximum lift coefficient and the effect of changing the airfoil. The results are presented in
Fig. 6.5a and 6.5b. It can be seen in Fig. 6.5a that increasing the threshold value for the maximum lift
coefficient also increases the total drag of the wing. The threshold value for the maximum lift coefficient
should therefore be carefully considered. The fact that the line is straight from the beginning follows
from the fact that the airfoil with the lowest drag coefficient has a maximum lift coefficient which is
around 1. The airfoil also has a big impact on the total drag , as can be seen in Fig. 6.5b, and obtainable
maximum lift coefficient of the wing and the airfoil selection should therefore be treated with utmost
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care.

(a) maximum lift coefficient threshold value sensitivity (b) Airfoil choice sensitivity

Figure 6.5: Loading diagram for all ModuLR configurations

Flaps

A sensitivity analysis is performed on the method to size the flaps to get a better understanding on the
influence of variables on the method. The input variables used for the analysis are both the inboard and
outboard location of the aileron positions, the taper ratio of the wing, and the flap chord over the wing
chord.

It can be observed that both aileron positions show a sudden jump. This happens when the outboard
aileron position passes the inboard aileron position and vice versa. It should therefore be carefully
evaluated if both positions are defined correctly. It can also be observed that increasing the taper
decreases the deflection angle required for the flap, and increasing the flap chord over wing chord increases
the required deflection angle. The inboard and outboard locations have the largest influence, followed
hereafter by the flap chord over wing chord. The flap chord over wing chord has a smaller influence but
is still significant. All input parameters should therefore be carefully considered.

Figure 6.6: Sensitivity Analysis of the flap design method
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6.1.4 Verification & Validation
Wings
Xfoil, XFLR5, and the DATCOM method have already been verified and validated [43][45][46]. It has
been found, however, that the wing and plane design show drag results that are too optimistic in the
three dimensional case. Therefore, the 2D results from XFoil are converted to the 3D results by means
of the DATCOM method to get more accurate results. The section lifts can also be evaluated in a wind
tunnel to validate the results more carefully or a scale model of the wing can be analyzed in the wind
tunnel for more accurate results for the total wing aerodynamic behavior.

Flaps
The code has been verified by entering the input parameters from examples of Roskam in the program and
checking if the same output is generated. The end results have also been compared to flap deflections of
other aircraft as a final check. The method is derived from empirical data of other aircraft in combination
with data of the wing itself, a way to validate this method more accurately for this specific aircraft is by
comparing the results to the real performance of the aircraft to see if the method outcome resembles the
performance of the flaps on the aircraft.

6.1.5 Sustainability
The wings are sized to attain a high maximum lift coefficient which allows for a higher climb gradient
and therefore a smaller region of noise. The wings are also sized for a high lift over drag ratio which has a
positive influence on the fuel consumption of the aircraft and thus a positive influence on sustainability.
Optimizing for these two parameters leads to a sustainable design.

6.1.6 Conclusion & Recommendations
Wings
The wing does provide the required amount of lift and desired stall behavior. RUCA-T-ACS-W-1 until
RUCA-T-ACS-W-6 have been met, except for RUCA-T-ACS-W-1 as the weight has changed during
the design. RUCA-T-LEG-1 is also met. The wing is also optimized for the drag in the first iteration.
Because many parts have changed during the design and designing an aircraft is rather complex, a new
iteration has to be done for the airfoil of the wing. The weight has changed but the surface area has been
assumed constant which requires the airfoil to operate at a lower cl and thus not at its most efficient
point anymore. The wing loading has changed too due to this fact. Therefore, in the new iteration the
surface area has to be changed and the airfoil re-evaluated. The drag of the wing in combination with
other components should also be analyzed in the future to predict the changes in aerodynamic behavior
due to interference between components. The maximum lift coefficients obtained from XFLR5 and the
DATCOM method also showed some deviations and therefore a more careful analysis of the maximum
lift coefficient for the wings is required. The airfoil has now remained constant due to the fact that it
would have a too large impact on the other components as well, a redesign is highly recommended.

Flaps
The flaps have been sized and fulfill the requirements. They can provide the required increase in lift
during landing and take-off. The flaps could be analyzed by more accurate methods to get a better
prediction of their performance, which might lead between less deviation between experimental and
theoretical results.

6.2 Nose design
This section describes the design of the aircraft nose. Firstly, the design method is explained in section
6.2.1 and then the results are presented in section 6.2.2. Sections 6.2.3 and 6.2.4 describe the verification
and validation procedures and the sensitivity analysis. Lastly, the sustainability of the design is explained
in section 6.2.5 and conclusions are drawn in section 6.2.6.

6.2.1 Method
From the requirement compliance matrix in chapter 12, it follows that the nose has to be designed for
minimum drag in order to minimize emissions and increase the range. The nose design is split into
three parts. Firstly, research is performed on the aerodynamic shape of the nose and seven shapes are
selected for further analysis. Then, three fineness ratios are selected for the detailed analysis. Lastly,
the combinations of shapes and fineness ratios are analyzed in detail with flow modeling software and
the shape with the lowest drag coefficient is selected. The selection of nose shapes and fineness ratios for
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the flow modeling are presented in this section and the results of the modeling are presented in section
6.2.2.

At Mach numbers below 0.8, pressure drag is very small compared to the friction drag [47]. The drag
of the nose cone will therefore be mainly dependent on its wetted surface area, surface smoothness, and
presence of discontinuities1.

Based on Chin’s [48] drag comparison of general nose shapes, seven nose shapes are selected. These
shapes are displayed in Fig. 6.7. Using Chin [48], x0.5 is selected for the power series and for the Haack
Series the shapes for both C = 0. and C = 0.33 are selected. Except for the full parabola displayed on
the middle left, also the half parabola is considered (different shaping factor K). Lastly, also a pure half
circle is selected for the analysis due to its simplicity.

Figure 6.7: Selected general shapes for nose design [48]a

ahttps://upload.wikimedia.org/wikipedia/commons/thumb/e/e9/Semicircle.svg/2000px-Semicircle.svg.png, visited on:
June 18, 2017

The shapes displayed in Fig. 6.7 still have a variable length. The fineness ratio is used to determine
the length of the shapes. Fig. 6.8 from Sforza [49] shows common fineness ratios for commercial aircraft
noses. Based on this information and data from Torenbeek [50], fineness ratios of 1.2, 1.5, and 2.0 are
chosen to be analyzed in the model.

Figure 6.8: Common Fineness Ratios of Commercial Aircraft [49]

In order to decide which nose performs best according to the requirements described in chapter 12,
the flow over the noses is modeled in a virtual wind tunnel using Autodesk Flow Design [51]. The speed
in the wind tunnel is set equal to the average cruise speed of the three configurations (155 m/s). A
20-meter cylinder is placed behind each nose to be able to fairly compare them and to also take into
account the way the nose ’guides’ the flow over the fuselage instead of just testing the nose itself. The

1https://www.skybrary.aero/index.php/Friction Drag, visited on: June 19, 2017
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drag coefficient of each nose-cylinder combination is calculated, starting with the smallest fineness ratios.
It is expected that their drag coefficient will be lower than for the other fineness ratios as the wetted
surface area is smaller. The nose-cylinder combination is furthermore placed at the cruise angle of attack
of the -200 version (0.41 deg), in order to compare the drag during the most fuel-intensive flight phase.
Note that because of the absence of the real fuselage, the computed drag coefficients will solely be used
to compare the different noses relatively an not to calculate accurate drag coefficient values.

6.2.2 Results

Tab. 6.5 presents the results of the flow analysis. As can be seen, the fineness ratio of 1.5 is not modeled
for all shapes and the noses with a fineness ratio of 2 are not modeled at all. This is because it follows
from the results that the drag coefficient increases with a higher fineness ratio (and therefore longer nose).
As the computations are time-intensive, the analyses of noses with fineness ratios of 2.0 was considered
unnecessary. From the results, it follows that the Haack series with C = 0 and a fineness ratio of 1.2
performs best.

Table 6.5: Drag Coefficients of Nose-Cylinder Combinations

Nose Fineness CD

Pure cone 1.2 0.24

Pure cone 1.5 0.27

x0̂.5 Power series 1.2 0.23

x0̂.5 Power series 1.5 0.32

C=0 Haack series 1.2 0.22

C=0 Haack series 1.5 0.31

C=0.33 Haack series 1.2 0.28

Full parabola 1.2 0.23

Half parabola 1.2 0.26

Pure half circle 0.5 0.33

Fig. 6.9 shows the Haack series nose with C = 0 during the simulated wind tunnel test at the baseline
cruise angle of attack (0.41◦). A relatively small high-pressure region is visible at the tip of the nose,
which transitions to lower pressure regions over the rest of the nose.

Figure 6.9: C=0 Haack Series Aerodynamic Analysis

The simulated noses with a fineness ratio of 1.2 are shown in Fig. 6.10. As expected, the highest pressure
is observed at the front of the nose. This high pressure then gradually decreases and a relatively low
pressure region is visible just behind the nose. The more the flow is ’diverted’ from the cylindrical body
by the nose, the lower the pressure in this region and the bigger the pressure difference between the
cylindrical part just behind the nose and the cylindrical part further aft. A notable result is that for the
shapes with the lowest drag coefficient (Haack C = 0, x0.5 power series, and full parabola), the pressure
differences between the area just behind the nose and the aft cylinder seem to be small, whilst for, for
example, there is a big pressure difference visible when looking at the C = 0.33 Haack series.
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Figure 6.10: Overview of Nose Flow Analyses

6.2.3 Verification & Validation

In order to verify and validate the model, another drag analysis was performed using OpenRocket2 at
the same cruise Mach number (0.47). Tab. 6.6 shows the results of both methods next to each other.

From the verification and validation results, it follows that the C = 0 Haack Series still has the lowest
drag coefficient (0.22). However, there are big differences in other drag coefficients. The big increase in
drag coefficients for the pure cones is striking. OpenRocket shows that this increase is caused by the
high pressure drag of the pure cone which is not present for the other shapes. OpenRocket furthermore
calculates a similar friction drag for both 1.2 and 1.5 fineness ratios. This is questionable as the friction
drag largely depends on the wetted surface area, which is larger for high fineness ratios. It is therefore
useful to observe that the differences between the drag coefficients of the noses with a fineness ratio of 1.2
are all below 14% and the biggest changes occur for other fineness ratios. Recommendations to reduce
the differences are made in section 6.2.6.

2http://openrocket.info/, visited on: June 23, 2017
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Table 6.6: Nose Verification and Validation Results

Nose Fineness CD initial CD OpenRocket Percentual Difference

Pure cone 1.2 0.24 0.39 +63

Pure cone 1.5 0.27 0.36 +33

x0̂.5 Power series 1.2 0.23 0.23 +/-0

x0̂.5 Power series 1.5 0.32 0.23 -28

C=0 Haack series 1.2 0.22 0.22 +/-0

C=0 Haack series 1.5 0.31 0.23 -26

C=0.33 Haack series 1.2 0.28 0.24 -14

Full parabola 1.2 0.23 0.23 +/-0

Half parabola 1.2 0.26 0.23 -12

Pure half circle 0.5 0.33 0.23 -30

6.2.4 Sensitivity
The main input parameters of the wind tunnel analysis are the flow speed, angle of attack, and the wind
tunnel dimensions. The latter are set large enough to not significantly influence the results according to
the Autodesk wind tunnel configuration manual3.

The sensitivity analysis is therefore performed by changing the values for the flow speed and the
angle of attack. As computations are time-intensive, only the three best performing nose shapes are
considered in the sensitivity analysis. These include the C=0 Haack series, the x0.5 power series, and
the full parabola. The models are tested with both a 10% higher and 10% lower speed than the 155 m/s
average cruise speed. Furthermore, the model is run on a high angle of attack of 12.5 degrees in order
to test its (close to) stall performance. The results of this analysis are shown in Tab. 6.7.

Table 6.7: Drag Coefficients of Nose-Cylinder Combinations

Nose alpha [deg] velocity [m/s] New CD Initial CD

C=0 Haack series 0.41 139.5 0.26 0.22

C=0 Haack series 0.41 170.5 0.22 0.22

C=0 Haack series 12.5 155 0.19 0.22

x0̂.5 Power series 0. 41 139.5 0.26 0.23

x0̂.5 Power series 0. 41 170.5 0.24 0.23

x0̂.5 Power series 12.5 155 0.20 0.23

Full parabola 0.41 139.5 0.20 0.23

Full parabola 0.41 170.5 0.19 0.23

Full parabola 12.5 155 0.18 0.23

The results seem peculiar as the drag coefficients are highest for the lowest speed and highest for
a high angle of attack whereas a reversed result would be expected. The explanation of this effect lies
in the way the drag coefficient is computed. First, the total drag is calculated after which the drag
coefficient is calculated using the frontal area and velocity. A higher flight velocity would therefore lead
to a lower drag coefficient. The same holds for a high angle of attack, which increases the frontal area,
and therefore reduces the drag coefficient. This hypothesis is confirmed when looking at the values for
total drag. For the Full Parabola for example, the drag rises from 10677 N for the 10% lower velocity to
44939 for the 12.5 degrees angle of attack. This effect makes it hard to draw clear conclusions from the
sensitivity analysis, rather than that the total drag increases for higher speed and angles of attack.

6.2.5 Sustainability
In designing the nose, environmental sustainability is the dominant form of sustainability considered. As
described in section 6.2.1, designing the nose for the least amount of drag reduces the fuel consumption

3https://knowledge.autodesk.com/support/flow-design/learn-explore/caas/CloudHelp/cloudhelp/ENU/FlowDesign/files/GUID-
7717625F-6388-4DAF-B893-989F1091938E-htm.html, visited on: June 22, 2017
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and therefore positively contributes to environmental sustainability.

6.2.6 Conclusion & Recommendations
From the nose design, it is concluded that a Haack Series shape with C=0 is the best nose shape for
the ModuLR as it has te lowest drag coefficient compared to the other shapes tested. This low drag
coefficients contributes to fulfilling the emissions, range, and take-off requirements as described in chapter
12.

Recommendations are made for the further design of the nose. Using more accurate (CFD) software
would increase the accuracy of the drag coefficient calculations. This is necessary as fluctuations are
observed between different models and between different computations within a model. Another rec-
ommendation would be to analyze a greater variety of shapes and fineness ratios in order to come up
with the design with the least drag possible. Lastly, the material of the nose could be considered. As
skin friction is important at the speed range considered, the use of very smooth materials could improve
the drag performance. A final consideration would be to look more at the total drag instead of mainly
at the drag coefficients when comparing different conditions for a certain shape instead of comparing
shapes with each other. This is necessary as the speed and areas to which the coefficients are normalized
sometimes differ.

6.3 Center of gravity determination
In order to size the tail and determine other properties of the aircraft such as inertiae, the center of gravity
is needed. In this section, the method for this determination as well as the results will be discussed.
A sensitivity analysis on the method as well as verification and validation are performed. Finally, a
conclusion is drawn and recommendations for center of gravity determination are proposed.

6.3.1 Method
There are several positions that the center of gravity can attain during flight as well as on the ground.
A loading diagram has to be created to determine the locations of the center of gravity under various
loading conditions. In order to do this, the weight of the aircraft is split up in several components and
groups with corresponding locations.

The first step is to look at the center of gravity of the aircraft when it is not loaded with fuel and
cargo. This will be the lowest point in the loading diagram. The aircraft then has to be loaded with fuel
and cargo. The cargo can only be loaded from the front. The first container will be located closely to
the nose, while the other containers are moved from the back to the nose. The fuel is located closely to
the wing. The loading is done in two ways in the diagram. The first way is by loading the fuel first and
then the cargo . The second by loading the cargo first and then the fuel.

From the diagram it can be seen that the most forward and most aft position for the center of gravity
can be obtained. Several groups can be shifted to adjust these locations.

6.3.2 Results
The loading diagrams of all aircraft are presented in Fig. 6.11a, 6.11b, and 6.11c for the ModuLR-100,
-200, and -300, respectively. The locations of the center of gravity can be found in Tab. 6.8 as well as
the individual component weights and locations. A visual representation for the center of gravities is
presented in Fig. 6.12.

Table 6.8: Input parameters used for aerodynamic analysis

ModuLR-100 ModuLR-200 ModuLR-300

c.g.aftmax 0.481 0.449 0.422
c.g.aftmin 0.489 0.472 0.444

6.3.3 Sensitivity
A sensitivity analysis is performed on the method for the loading diagrams. The weights and locations of
the wing group, fuselage group, and empennage group are relocated to look at the corresponding change
in center of gravity. The most aft location of the c.g. is taken for this evaluation.
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(a) ModuLR-100 (b) ModuLR-200

(c) ModuLR-300

Figure 6.11: Loading diagram for all ModuLR configurations

The sensitivity analysis for a change in mass is presented in Fig. 6.13a. All curves converge in an
asymptotic matter towards the component location. The wing converges the fastest as it has the largest
mass. The empennage in the slowest manner due to its low mass and big difference in location with
respect to the original center of gravity. It can, however, be seen that the empennage does have the
largest influence on the center of gravity when the mass is increased by a certain percentage, due to the
fact that it is located far away from original center of gravity. Components with a large distance from
the original center of gravity should therefore be carefully evaluated for their correct mass.

The sensitivity analysis for a change in location is presented in Fig. 6.13b. All curves increase in a
almost linear matter. The larger that mass the bigger the change in location. Replacing components
with a large mass thus has a large influence on the aircraft. The locations of components with large
masses should therefore be carefully evaluated.

6.3.4 Verification & Validation

Code verification was performed by setting component weights and locations at a certain magnitude,
resulting in center of gravity locations. These center of gravity locations were then also calculated by
hand in order to verify the results.

Validation of the results can be performed by setting up a configuration where the weights and
locations are simulated and the center of gravity determined in the setup. The results of the setup can
than be determined by comparing the results to reality. Another option is to compare the results to the
the CAD model when it is more complete to compare the c.g. of the script to the c.g. of this more
accurate model.
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Figure 6.12: c.g. ranges of all ModuLR configurations

(a) Component mass (b) Component location

Figure 6.13: Sensitivity analysis on component mass (a) and component location (b)

6.3.5 Conclusion & Recommendations
The center of gravity is now determined using the component weight estimation method and basic
moment balance relations. In order to get a more accurate prediction, the weights and locations should
be continuously updated as the design gets more detailed.

6.4 Tail design
In this section the empennage subsystem is designed. Firstly, the method for horizontal and vertical tail
design, and an analysis of their aerodynamic characteristics is presented. Next, the results are presented
together with verification and validation of the method. The tail subsystem has to fulfill requirements
RUCA-T-ACS-T 1 - 3, RUCA-T-OPS-CT-2, and RUCA-T-REC from chapter 12. In the conclusion the
requirements are checked and some recommendations are presented.

6.4.1 Method
For the tail design a T-tail configuration is chosen. This is mainly done because of the high wing
configuration, where the T-tail ensures that the horizontal tail is out of the wake, downwash, and
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vortices of the wing as well as the exit flow of the engines. Another reason for the choice is the fact that
the fuselage remains the same length among all of the configurations. The T-tail allows for an increased
distance between the aerodynamic center of the tail and that of the main wing due to the sweep of the
vertical tail. However, the downsides of the configuration are a heavier structure of the vertical tail and
the possibility of deep stall [52]. Both of them have to be monitored.

The design method of the T-tail is subdivided into the planform design of the horizontal tail, the
planform design of the vertical tail, and the airfoil selection.

Horizontal tail

The first step of the horizontal tail design is looking into requirement RUCA-T-ACS-T-2, maintaining
longitudinal trim. For this the stick-fixed static stability is assessed together with the neutral point
which is checked with the most aft location of the c.g.. The horizontal tail area over the main wing area
is the main parameter and is calculated according to Eq. 6.13, from [53] of c.g. values normalized with
the MAC.
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The lift rate coefficient of the aircraftless tail, CLαA−h
, is determined using Eq. 6.14. The downwash

gradient is estimated according to Eq. 6.15 using the DATCOM method from [53].
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Next to stick-fixed static stability, the horizontal tail also has to fulfill requirement RUCA-T-OPS-CT-2,
maintaining longitudinal control. Therefore, the tail is also checked for controllability for a range of c.g.
values normalized with the MAC according to Eq. 6.16, from [54].
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Eq. 6.13 and Eq. 6.16 result in two lines that, when plotted over each other, indicate stability and
controllability for a range in c.g. locations. The horizontal tail area is chosen such that it fulfills both
the controllability and stability requirement for the c.g. range, most forward and most aft, that the
system will encounter.

The location of the most forward and aft c.g. is determined in section 6.3 with the use of a potato
plot. However, the location of the wing along the fuselage influences the c.g. location. Therefore, the
most forward and aft c.g. locations are determined for a range of wing locations. This range is plotted
on the controllability and stability lines. From this final plot the location of the wing is chosen such
that the tail area ratio is lowest, but still fulfills the stability and controllability requirements for the CG
range at that wing location.

The planform of the horizontal tail is determined by setting the taper and aspect ratio and then
solving for MAC, span, root chord, and tip chord simultaneously.

Vertical tail

The vertical tail needs to fulfill requirement RUCA-T-ACS-T-1 and RUCA-T-ACS-T-3, directional trim,
and controllability in one engine inoperative situation. The vertical tail size is determined using the
vertical tail volume coefficient. This coefficient is acquired from empirical data according to Eq. 6.17
from [55], relating the fuselage and wing dimensions to the vertical tail dimensions. Due to the T-tail
configuration the horizontal tail affects the vertical tail trough the plate effect. Therefore, a reduction of
10% on the vertical tail volume coefficient is applied [56]. From the vertical tail volume coefficient the
required surface area of the vertical tail is determined using Eq. 6.18.
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The planform of the vertical tail is determined by setting the taper and aspect ratio and then solving
for MAC, span, root chord, and tip chord simultaneously.
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Aerodynamic characteristics

In order to meet the longitudinal trim requirement, RUCA-T-ACS-T-2, the required lift coefficient
and incidence angle of the tail are analyzed. The required 2D lift coefficient for the horizontal tail is
determined by using Eq. 6.19 from [52].

By using a MATLAB script a database of symmetric airfoils is checked in Xfoil [57] for this required
design lift coefficient. The airfoil with the lowest drag coefficient at this lift coefficient is chosen for the
horizontal tail. For the vertical tail an airfoil with a high lift gradient is chosen with the lowest possible
drag at an zero angle of attack.

The 2D characteristics however need to be checked for 3D influences. The 3D lift rate coefficient
for the horizontal tail is determined by Eq. 6.20. Using this value and iterating over different angle of
attacks, a new angle of attack for the horizontal tail is determined in order for the 3D lift coefficient to
meet the design lift coefficient.
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The incidence angle of the horizontal tail is then determined by using Eq. 6.21. Where the downwash is
determined by Eq. 6.22.
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In order to evaluate the horizontal tail design the trim drag is evaluated following Eq. 6.23. Where the
Oswald factor is calculated using Eq. 6.24 from [58].
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The final check on the tail design is performed by checking the longitudinal stability by calculating
Cmα using Eq. 6.25 from [53]. Where Cmα has to be negative in order for the system to be statically
longitudinal stable.
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6.4.2 Results
In this section the results of the tail sizing are presented. Firstly, the horizontal tail size is presented,
secondly the vertical tail, and lastly their aerodynamic characteristics.

Horizontal tail

In Fig. 6.14 the scissor plots for all ModuLR configurations are presented. The wing location and
following horizontal tail surface area ratio are chosen and indicated with a red dot in the figure. It has
to be indicated that each configuration has a different wing location, since keeping the wing location the
same for all the configurations would lead to horizontal tail surface area ratios of bigger than 1 as can be
seen in the figure. As can be seen this results in a wing location of 0.53, 0.50, and 0.45 for the ModuLR
-100, -200, and -300 respectively. The horizontal tail surface area ratios are 0.33, 0.38, and 0.35. The
dimensions of the horizontal tail can be found in Fig. 6.15. Where the surface area of the horizontal tail
is 17.82, 27.66, and 47.58 m2.

The inputs for the method that led to this result can be found in App. A. Where the horizontal tail/wing
speed ratio has been set to 1 because of the T-tail configuration. The lh is determined with the location
of the wing and the length of the fuselage by maximizing the distance and adding extra distance due to
the sweep of the vertical tail. The safety margin on stability has been set to 5% from [53]. An aspect
ratio of 2

3Aw has been chosen, and the taper ratio of the horizontal tail is the same as that of the main
wing [52].

Vertical tail

The vertical tail sizing method results in a vertical tail volume coefficient of 0.06, 0.05, and 0.04 for the
ModuLR -100,-200, and -300, respectively. The dimensions of the vertical tail can be found in Fig 6.15.
Where the surface areas of the vertical tail are: 8.07, 9.48, and 16.18 m2.
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Figure 6.14: Scissorplots for all ModuLR configurations

These results are with the inputs from App A. The aspect ratio of the vertical tail is set at 1.2 with
a taper ratio of 0.8 due to the T-tail configuration [52]. Next to that a leading edge sweep of 32 deg is
calculated.

Aerodynamic characteristics
The result of the Xfoil analysis for a Reynolds number of 14e6 at a mach number of 0.5 can be found in
Fig. 6.16. In the left graph the lift coefficient over the drag coefficient is plotted and in the right graph
the lift coefficient over the angle of attack.

From the 2D airfoil selection and the dimensions of the tails the 3D results are displayed in Tab. 6.9.

Table 6.9: Aerodynamic characteristics horizontal and vertical tails.

ModuLR-100 ModuLR-200 ModuLR-300

Airfoil NACA 64012 NACA 64012 NACA 64012
CLh [− ] 0.079 0.077 0.070
CLαh [1/rad] 5.17 5.17 5.17

CLαv [1/rad] 2.39 2.39 2.39
ah[ deg ] 0.87 0.85 0.77
ih[ deg ] 1.31 1.27 1.16
astall[ deg ] 13.4 15.14 15.45
eh[− ] 0.65 0.65 0.65
CD0

[− ] 0.0057 0.0056 0.0054
Dtrim[N ] 47.57 84.02 112.23
Cmα [− ] -5.25 -5.45 -3.97

6.4.3 Verification & Validation
In order to verify the models created with the method, standard unit tests are performed. For the
horizontal tail sizing the scissor plots are created with inputs following the example from [53] and [54]
to check whether the model gives the same result. For the vertical tail the outcome of the vertical tail
volume coefficient is checked with the example from [55].

In order to validate the design and check whether the tail design ensures stability, a stability analysis
has been performed in XFLR5 [59]. The resulting non-dimensional stability coefficients that tell whether
the aircraft is statically stable are Cmα and Cnβ . If Cmα is negative, the system has longitudinal static
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Figure 6.15: Planforms of the horizontal and vertical tail for ModuLR -100,-200, and -300

Figure 6.16: Symmetric airfoil analysis xfoil, Re=14e6, M=0.5, Ncrit=9.0

stability, and if Cnβ is positive, the system has directional static stability. Furthermore, the dynamic
stability of the system is checked in section 6.6 by analyzing five eigenmotions. When the dynamic
model is validated, it can be used to validate whether the tail design meets the requirements or should
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be adjusted.

6.4.4 Sensitivity
The method for horizontal tail sizing is mostly dependent on the maximum aft and forward CG locations,
which are directly linked to the wing location with respect to the fuselage. Therefore, the effect of
changing the wing location on the horizontal tail surface area is analyzed. The result of this analysis
is presented in Fig. 6.17. Here, it can be seen that the all configurations are extremely sensitive to the
wing location, the effect on the -100 configuration is biggest since the c.g. is more influenced by the
wing location than for the -300 configuration. From this, it is seen that close attention is necessary when
choosing the wing location in order to optimize for the horizontal tail surface area. The vertical tail
surface area is mainly dependent on the length of the fuselage. Therefore, the effect of changing the
fuselage length on the vertical tail is analyzed. The results can be seen in Fig. 6.17.

Figure 6.17: Sensitivity analysis for horizontal and vertical tail

6.4.5 Sustainability
Ensuring a sustainable design is in the first place achieved by designing the subsystem for lowest possible
drag, in order to achieve a high lift over drag ratio for the aircraft and thus improve emissions. This
ensures environmental sustainability and is taken into account for the design. Next to that, by using
the same tail for the ModuLR -100 and -200, as is explained in subsection 6.4.6, a reduction in the
complexity of the design is achieved together with a reduction of production costs and thus improving
economic sustainability. The fact that the basic connector to attach the vertical tails to the fuselage
stays the same for all configurations reduces the difficulty of reconfiguration and specialist equipment
and personnel necessary. It however has to be noted that by keeping the connector the same, and thus
the root chord, difficult geometries are introduced in the design. This in turn leads to a more difficult
production process.

6.4.6 Conclusion & Recommendations
The results show that the size of the tails of the ModuLR-300 differs a lot from that of the ModuLR-200
and -100. However, the tails of the ModuLR-100 and -200 are quite similar. Therefore, the possibility is
investigated whether the tail can stay the same for the -100 configuration compared to the ModuLR-200.
When assuming the same thickness for all the tails it can be assumed that the weight ratio of the tails is
equal to the tail ratio. By adding the surface areas the total empennage surface area becomes 25.89 and
37.14 for the ModuLR-100 and -200 respectively. This gives a weight ratio of 1.43. From Tab. 4.1 it can
be seen that the empennage, however, is only 4% of the MTOW, so that weight ratio gives an increase
on the MTOW of around 1.7%. By keeping the tail the same for the -100 and -200 configuration, it
reduces reconfiguration time, production costs, and increases ease of certification. Therefore the decision
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is made to keep the tail the same for the -100 and -200 configuration. The increase in size also improves
stability characteristics of the -100 configuration.

The RUCA-T-ACS-T-2 requirement indicates that the aircraft shall have static longitudinal stability.
Looking at the Cmα values in Tab. 6.9 it can be seen that the value is negative and therefore indicates
that this requirement is met.

The RUCA-T-ACS-T-1 requirement and RUCA-T-ACS-T-3 requirement, which indicates directional
stability, is checked in section 6.6 by checking the Cnβ coefficient. Which, if positive, indicates that the
requirement has been met. In the same section spiral stability is checked in order to determine whether
the directional stability is not larger than the lateral stability. If necessary the vertical tail size should
be adjusted to ensure spiral instability does not occur. It can be seen that the value is positive so it is
met.

In order for all tails to be easily attached and detached from the fuselage, a fairing-like connector is
designed on which the tails will be mounted, making them reconfigurable, meeting requirement RUCA-
T-REC. Each vertical tail will have the same root chord for them to be mountable on the connector,
however the tail for the -200 and -100 will reduce to their initial root chord within a span of 0.2 m.

It is recommended that the vertical tail is structurally checked, due to the T-tail configuration it needs
to transfer the bending moment of the horizontal tail to the fuselage. Structural analysis has not been
performed due to time constraints, however it should not be neglected since it could significantly increase
the weight of the vertical tail and with it shift the range of center of gravity. Another recommendation
is to ensure deep stall will not occur by employing a mechanism that enables the elevator angles to be
full down if deep stall occurs. This to avoid being locked in deep stall, which is a potential fatal state.
Next to this, a material selection needs to performed after the structural analysis to ensure the weight
of the subsystem meets the mass budget. Finally, detailed connections need to be designed to attach the
horizontal tail to the vertical tail.

6.5 Control Surfaces
In this section, the control surfaces which are used to direct and control the aircraft’s trajectory are
designed and presented. The ailerons, elevator, rudder, and actuation systems are considered, adhering
to the RUCA-T-ACS-CS-1 until RUCA-T-ACS-CS-8 requirements, presented in section 12.

6.5.1 Design Method
This section describes the performed design methods, and is based on design procedures presented in
the Aircraft Design and System Engineering Elements lecture series[60], the Aircraft Design: A system
engineering approach book[52], and the TU Delft Flight Dynamics lecture notes [61]. The methods which
will be discussed are all executed, optimized and iterated using the python programming language.

Ailerons
The ailerons are sized to meet the respective RUCA-T-ACS-CS-1 to RUCA-T-ACS-CS-3 requirements,
for each ModuLR variant. The requirements are variant specific, as the classification[60] of each aircraft
is different due to their different MTOWs.

The time taken to reach the required bank angles is given by Eq. 6.26, where φreq is the required

bank angle, and Ṗ is the time rate of change of the aircraft roll rate.
The time rate of change of the aircraft roll rate, Ṗ , is calculated using Eq. 6.27, where Pss is the

steady-state roll rate, and φss is the steady state bank angle.

tφ =

√
2φreq

Ṗ
(6.26) Ṗ =

P 2
ss

2φss
(6.27)

The steady-state roll rate is found using Eq. 6.28, where LA is the aircraft rolling moment, Sw,Sh,Svt
are the surface areas of the wing, horizontal tail and vertical tail respectively, CD,R is the aircraft drag
coefficient in rolling motion, and yD is the average distance between the rolling drag center and aircraft
centre of gravity. An average value of CD,R = 0.9 is chosen based on existing aircraft [52], and it is
assumed that the drag moment arm acts at 40% of the wing span, yD = 0.4 b2 [52].

Pss =

√
2LA

ρ(Sw + Sh + Svt)CD,Ry3
D

(6.28)

The aircraft rolling moment, LA, is calculated using Eq. 6.29. The rolling moment coefficient, Cl, is
calculated by Cl = ClδA ·δA, where δA is the aileron deflection, and ClδA is the rolling moment coefficient
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due to the aileron deflection, calculated using Eq. 6.30. This equation includes the wing taper effects,
evaluated between the inboard half wingspan aileron location yi and the outboard half wingspan aileron
location yo. The aileron angle of attack effectiveness, τa, is approximated using the cubic expression[52]
presented in Eq. 6.31, where CA

Cw
is the ratio of the aileron chord to wing chord.

LA =
1

2
ρV 2

appSClb (6.29) ClδA =
2CLαW τCr

Sb

(
y2

2
+

2

3

[
λ− 1

b

]
y3

)∣∣∣∣yo
yi

(6.30)

τa ' 3.1638

(
CA
Cw

)3

− 4.6732

(
CA
Cw

)2

+ 2.8792
CA
Cw

(6.31)

It is important to note that the additional 2 outboard engines drastically limit the aileron design space in
the ModuLR-300 variant. It is found that the deflection requirement of RUCA-T-ACS-CS-3 requirement
cannot be met with one outboard aileron in this variant, as it is not possible to further extend the aileron
over the engine for aerodynamic and structural reasons. If the aileron were to span in this limited design
space, from the outboard engine to wingtip, the deflection angle required becomes significantly greater
than 30◦. For this reason, Eq. 6.30 is augmented for the ModuLR-300 variant, to include the contribution
of an inboard aileron. This will be discussed further in section 6.5.2. The augmented equation for the
total ClδA is given in Eq. 6.32.

ClδA,total =
2CLαW τCr

Sb

(
y2

2
+

2

3

[
λ− 1

b

]
y3

)∣∣∣∣yo
yi

+
2CLαW τCr

Sb

(
y2

2
+

2

3

[
λ− 1

b

]
y3

)∣∣∣∣yo,inboard
yi,inboard

(6.32)

The bank angle achieved when the roll rate reaches the steady state value, Pss, is calculated using Eq.
6.33.

φss =
Ixx

ρy3
D(Sw + Sh + Svt)CD,R

ln(P 2
ss) (6.33)

Where Ixx is the moment of inertia about the longitudinal axis. This is conservatively approximated by
modeling the three aircraft variants as[6]: a solid cylinder of the fuselage which includes the majority
of systems and full payload, two solid cuboids for the wings which contain the fuel, and point masses
for the vertical tail, engines and main landing gear. The solid cylinder mass is composed of the mass of
the payload, systems, and structure of the fuselage, approximated as Mcylinder = MOEW + Mpayload −
Mwings −Mengines −Mgears −Mtail. It is assumed that the wings contain all of the fuel mass, and the
point masses are assumed to have the mass of the respective system group, as calculated in Tab. 4.1 in
section 4.2. This inertia calculation is presented in Eq. 6.34.

Ixx =
1

2
Mcylinderr

2 + 2

( Mwings+Mfuel

2

12

((
b

2

)2

+ t2
)

+
Mwings +Mfuel

2

(
b

6

)2)
+2

Mengines

Nengines
d2
engine + 2

Mgear

Ngear
d2
gear +Mtaild

2
t

(6.34)

Where r is the radius of the fuselage, b is the wingspan, t is the maximum airfoil thickness, and all
d variables are the perpendicular distances to the longitudinal axis. It is important to note that the
ModuLR-300 variant has four engines, and thus the third from last term is included twice, but this time
taking the outer engine distance for dengine.

From the equations above, the influence of: δA on Cl, locations of yi and yo (and yi,inboard and
yo,outboard for the ModuLR-300 variant) on ClδA , and CA

Cw
on τa enable the ailerons to be sized. There-

fore, δA, yi, and yo (as well as yi,inboard and yo,outboard), and CA
Cw

are optimized to meet the aforementioned
requirements, and are used to yield the final aileron designs, presented in section 6.5.2. It is important
to note that the maximum aileron deflection is designed such that it does not exceed the 30◦ requirement
of RUCA-T-ACS-CS-3.
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Elevator
The elevator is designed in order to allow a sufficient deflection to maintain longitudinal trim at flight
speeds between VS and VC , complying with the RUCA-T-OPS-CT-4 requirements. The elevator deflec-
tion is ensured to be lower than 30◦, in compliance with RUCA-T-ACS-CS-3. The elevator deflection
required to maintain longitudinal trim is given by Eq. 6.35.

δE = −

(
TZT
q̄SC̄

+ Cm0

)
CLα + (CLcr − CL0

)Cmα

CLαCmδE − CmαCLδE
(6.35)

Where T is the thrust during the cruise, and ZT = 0.5 is assumed as the perpendicular distance between
the thrust vector and the c.g. location. The elevator effectiveness coefficients, CmδE and CLδE are
approximated using Eq. 6.36 and 6.37.

CmδE = −CLαhηhV̄H
bE
bh
τe (6.36) CLδE = CLαhηh

Sh
S

bE
bh
τe (6.37)

Where ηh = 1 is assumed for the horizontal tail dynamic pressure ratio as the T-tail elevator configuration
is in the free stream, V̄H is the horizontal tail volume, and bE

bh
= 0.9 is used as the elevator is assumed

to span over the whole usable length of the horizontal tail (therefore this accounts for the vertical
tail structural interaction). The elevator angle of attack effectiveness, τe, is calculated using the cubic
numerical approximation[52] presented in Eq. 6.38. This expression depends on CE

Ch
, which is the ratio

of the elevator chord to the horizontal tail chord.

τe ' 3.1638

(
CE
Ch

)3

− 4.6732

(
CE
Ch

)2

+ 2.8792
CE
Ch

(6.38)

The value of CE
Ch

must be lower than 0.5, as any value greater than this would require a horizontal tail

that is completely movable[52], which is not desirable for structural reasons.
From these relations, the driving geometric parameter that the elevator is designed for is the CE

Ch
ratio. The optimum value is found such that the aforementioned requirements are met.

Rudder
The rudder system is designed to meet the RUCA-T-ACS-CS-5 and RUCA-T-ACS-CS-6 requirements.
Eq. 6.39 is used to determine the required rudder deflection in the asymmetric thrust condition.

δR =
TLyT

−q̄SbCnδR
(6.39) CnδR = −CLαV V̄ ηV τr

bR
bV

(6.40)

The asymmetric thrust, TL, is considered in both the take-off/go-around and cruise condition, in accor-
dance with the requirements. The variable yT is the spanwise distance between the operating engine and
centre of the fuselage, which is assumed to coincide with the c.g. location.

In order to comply with the different flight conditions stated in the requirement,, q̄ is first considered
at the landing conditions, with a minimum control speed of the V = VMC = VS , being significantly less
than the RUCA-T-ACS-CS-6 requirement. This was done in order to account for safety reasons, such as
a sudden gust drastically reducing the speed. For the cruise thrust conditions, V = VMC = VS,clean.

The rudder control derivative, CnδR is given by Eq. 6.40. When calculating this variable, the tail
volume coefficient is calculated by V̄V = lV SV

bS , and ηV = 0.97 [52] is assumed as the vertical tail dynamic

pressure ratio. For ratio of the rudder span to vertical tail span, bRbV = 1 is used as the rudder is assumed
to span along the whole length of the vertical tail.

The rudder angle of attack effectiveness, τr, is determined using the same approximation method as
in the previous control surface designs, as shown in Eq. 6.41[52].

τr ' 3.1638

(
CR
CV

)3

− 4.6732

(
CR
CV

)2

+ 2.8792
CR
CV

(6.41)

From these relations, CR
CV

is iterated and optimized to meet the RUCA-T-ACS-CS-3 deflection require-
ments at speeds between VS and VC .

Actuator Control Force
The actuators must adhere to the stroke and force requirements stated in RUCA-T-ACS-CS-7 and
RUCA-T-ACS-CS-8. The force required to move the control surface by the specified deflection angle
of each control surface is calculated using Eq. 6.42. This equation is commonly known as the stick
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force equation [61]. However, the ModuLR system is unmanned, and therefore will require an actuator
to perform these movements, as there is no pilot on board of the aircraft. In this equation, δC is the
deflection angle of the control surface, xa is the distance the control actuator must move to achieve the
require deflection, SC is the surface area of the control surface, and CC is the chord length of the control
surface.

Fa =
1

2

δC
xa
ρV 2SCCCCh (6.42) Ch = Chαα+ ChδC δC (6.43)

The hinge moment coefficient, Ch, is calculated using Eq. 6.43. For the hinge coefficients, Chα = −0.1
and ChδC = −0.3 are assumed, as these are average value from statistical aircraft [52].

In order to comply with the requirements, the Parker Fly-By-Wire Flight Control Actuator4 is used
as the typical aerospace actuator. This actuator has a maximum stroke length of 0.4m, and an operating
force between approximately 6500 N and 533 kN. Therefore, the actuator distance of xa = 0.2 is selected,
as this means that the actuator is able to initially start from the ”middle” extension of 0.2 m. It can then
extend to 0.4 m, or shorten to 0 m, creating a 0.2 m change for the deflection of the control surfaces. The
actuator is modeled as acting on the top side of the wing, therefore an extension of the actuator results
in a downward control surface deflection, and a retraction in the actuator stroke results in a upwards
deflection. Additionally, when calculating the forces for the ModuLR-300 variant, the aileron is assumed
to be one surface, and is not split up into inboard and outboard ailerons.

6.5.2 Results
This section presents the results of the aforementioned methods. The input variables used to create these
results are presented in Tab. A.4 in App. A.

Ailerons

Tab. 6.10 and 6.11 present the times required to achieve 30◦ and 45◦ bank angles, the dimensions of the
aileron, and the required deflection angle, in both the landing and cruise configurations.

Table 6.10: Aileron system characteristics in landing configuration

ModuLR Units -100 -200 -300

Time to achieve a bank angle of 45◦ [s] 1.39 1.82 1.83

Time to achieve a bank angle of 30◦ [s] 1.13 1.49 1.49

Inboard aileron start [ b2 ] - - 0.52

Inboard aileron end [ b2 ] - - 0.64

Outboard aileron start [ b2 ] 0.75 0.8 0.69

Outboard aileron end [ b2 ] 1 1 1

Aileron chord to wing chord ratio [-] 0.3 0.3 0.3

Deflection angle [◦] 29.7 29.6 29.4

Table 6.11: Aileron system characteristics in cruise configuration

ModuLR Units -100 -200 -300

Time to achieve a bank angle of 45◦ [s] 1.39 1.83 1.83

Time to achieve a bank angle of 30◦ [s] 1.14 1.49 1.49

Deflection angle [◦] 11.5 13.2 11.3

As can be seen in the tables, the ModuLR-100 achieves a 45◦ bank angle in 1.39 s, and the ModuLR-200
and -300 achieve a 30◦ in 1.49 s in both the landing and cruise configurations. The deflection required
to make the bank angle in the cruise is almost one third for all variants. The ModuLR-300 variant,
as previously mentioned, also contains an inboard aileron as the outboard engines interfere with the
required size of the aileron. The dimensions of these are stated in the table.

4http://ph.parker.com/us/en/fly-by-wire-flight-control-actuators, visited on June 20, 2017
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The maximum deflection occurs at the landing configuration, therefore Fig. 6.18 presents the required
forces to deflect the control surface by the deflection angles presented in Tab. 6.11, for a range of typical
angle of attacks. It is important to note that the force is positive for the downward deflection, as an
actuator forward motion is required, and is negative for the upward deflection, as an actuator backward
motion is required, as the actuator is assumed to act on the top side of the aileron.

(a) Force for maximum downward aileron deflection (b) Force for maximum upward aileron deflection

Figure 6.18: Actuator force for aileron deflection

As can be seen, the maximum absolute force occurs at α = +15◦ for the downward aileron deflection,
and at α = −15◦ for the upward deflection. For the ModuLR-100, the maximum absolute force is 4868.2
N, for the -200 variant, it is 7241.3 N, and for the -300 variant, it is 18927.9 N. The -300 experiences the
largest forces, as the size of the aileron is significantly greater than the -100 and -200 variants.

Fig. 6.19a to 6.19c present the aileron position and dimensions on the wing. All numbers presented
in the drawings are in mm.

Elevator
Tab. 6.12 presents the dimensions and deflections required to maintain longitudinal stability.

Table 6.12: Elevator system characteristics to maintain longitudinal trim at cruise

ModuLR Units -100 -200 -300

Elevator chord to horizontal tail chord ratio [-] 0.22 0.2 0.38

Elevator span to horizontal tail span ratio [-] 0.9 0.9 0.9

Elevator deflection [◦] -7.4 -7.2 -6.4

All deflection angles are negative, meaning that an upward deflection of the elevator is required. The
greatest elevator chord to horizontal tail chord ratio is required by the ModuLR-300, which requires an
approximately 50% greater ratio than the -100 and -200 variants. However, the -300 exhibits the smallest
required elevator deflection of -6.4◦. The -200 and -100 variants have very similar elevator chord ratios,
with the -100 variant requiring an approximately 10% greater elevator chord ratio than the -200.

Fig. 6.20 presents the elevator deflection angle for the range of speeds between the stall speed, VS
and the cruise speed VC , for each ModuLR variant.

The maximum elevator deflection required to maintain longitudinal trim is -29.3◦ for the ModuLR-
100 variant, and -29.2◦ for the -200 and -300. In the figure, the curves for the -200 and -300 overlap as
they have the same stall speed of 70 m/s, where as the -100 has a stall speed of 65 m/s.

Fig. 6.21 presents the forces required for both the cruise condition, Fig. 6.21a, and at the aforemen-
tioned maximum elevator deflections required to maintain longitudinal trim, Fig. 6.21b.

For the longitudinal trim at cruise, the maximum force required is achieved at α = 15◦. For the
ModuLR-100, the maximum absolute force is equal to 429.8 N, the -200 is equal to 737.2 N, and the
-300 has a significantly larger force of 4456.2 N. As previously mentioned, the forces are negative as a
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(a) ModuLR-100

(b) ModuLR-200

(c) ModuLR-300

Figure 6.19: Aileron positioning and dimensions of all ModuLR configurations

Figure 6.20: Elevator deflection for longitudinal trim for speeds between VS and VC

stick/actuator backward motion is required to deflect the elevator in the upwards direction. The greatest
force at the maximum elevator deflection occurs at -15◦. The absolute maximum elevator deflection force
of the -100 variant is 2354.7 N, for the -200 variant is 4824.5 N and for the -300 variant is 32907.7 N.

Fig. 6.22a to 6.22c present the elevator position and dimensions on the horizontal tail. All numbers
presented in the drawings are in mm.

Rudder
Tab. 6.13 and 6.14 present the rudder dimensions and required deflections to maintain directional trim
in the landing and cruise conditions respectively.

In the landing conditions, the ModuLR-100 variant requires the biggest rudder chord to vertical tail
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(a) Force for longitudinal trim at cruise (b) Force at maximum elevator deflection

Figure 6.21: Actuator force for elevator deflection

(a) ModuLR-100 (b) ModuLR-200

(c) ModuLR-300

Figure 6.22: Elevator positioning and dimensions

Table 6.13: Rudder system characteristics to maintain directional trim in an one engine inoperative
landing/take-off condition

ModuLR Units -100 -200 -300

Rudder chord to vertical tail chord ratio [-] 0.46 0.39 0.16

Rudder span to vertical tail span ratio [-] 1 1 1

Rudder deflection [◦] 29.88 29.82 29.8

Table 6.14: Rudder system characteristics to maintain directional trim in an one engine inoperative
cruise condition

ModuLR Units -100 -200 -300

Rudder chord to vertical tail chord ratio [-] 0.46 0.39 0.16

Rudder span to vertical tail span ratio [-] 1 1 1

Rudder deflection [◦] 1.84 1.97 7.21

chord ratio of 0.46, and also the greatest rudder deflection of any variant, at 29.88◦. The -300 variant
requires the smallest rudder chord ratio, at 0.16, and also the smallest rudder deflection of all variants
at 29.8◦. In the cruise conditions, the rudder deflection required by the -100 and -200 variants is almost
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fifteen times smaller. This is also similar for the -300 variant, which requires a four times smaller rudder
deflection.

The maximum rudder deflections are achieved in the landing/take-off conditions. Therefore, Fig.
6.23a and 6.23 presents the forces required for the maximum rudder deflections in this condition. It is
important to note that the angle of attack in this situation is the sideslip angle of the aircraft, and not
the longitudinal angle of attack.

(a) Force for maximum right rudder deflection (b) Force for maximum left rudder deflection

Figure 6.23: Actuator forces for rudder deflection

The absolute value of the maximum force required for the maximum rudder deflection is 8194.2 N for
the ModuLR-300 variant, 4050.9 N for the -200, and 3591.3 N for the -100 variant.

Fig. 6.24a to 6.24c present the rudder position and dimensions of the vertical tail. All numbers
presented in the drawings are in mm.

(a) ModuLR-100 (b) ModuLR-200 (c) ModuLR-300

Figure 6.24: Rudder positioning and dimensions

Actuators
Throughout all the previous control surface results, maximum forces required to move the control surface
by the required deflection angle have been presented. Tab. 6.15 presents the summary of the forces
required by the actuator.

Table 6.15: Actuator system characteristics

ModuLR Units -100 -200 -300

Maximum force for aileron deflection [N] 4868.2 7241.3 18927.9

Maximum force for elevator deflection [N] 2354.7 4824.5 32907.7

Maximum force for rudder deflection [N] 3591.3 4050.9 8194.2

The largest forces required to deflect the control surfaces are experienced by the ModuLR-300 variant.
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The -100 and -200 both experience their largest forces for the aileron deflections, of 4868.2 N and 7241.3
N, respectively. The -300 variant experiences its largest force of 32907.7 N for the elevator deflections.

6.5.3 Verification & Validation
Verification of the models used for all control surface design (aileron, elevator, rudder and actuator
force) is achieved by selecting input values of aircraft that are described in examples from the Aircraft
Design book [52]. When these values are chosen as inputs, the models are run and the final outcome
is compared with the example solutions. The final outcomes of all methods differ between 5-7% of the
solutions mentioned in the examples. After further investigation, it is deemed that the reason for this
difference is due to rounding accuracy, as the methods used in this project use more decimal points for
interim calculations. For example, the calculations of the density at an altitude contain many more
decimal points than the constants presented in the book. In order to further investigate this, the values
used in the methods were rounded to match the values of the examples. The outcome of this was that
the difference between final outcomes was less than 1%, further justifying this explanation.

As with the tail design in section 6.4, validation is performed by modeling all three aircraft variants,
including the control surfaces, in the XFLR5 aerodynamic analysis software [59]. A dynamic analysis is
performed, the results of which must ensure longitudinal and directional stability. The validation results
are presented and discussed in section 6.6.

6.5.4 Sensitivity
In this section, the sensitivity of the aforementioned control surface is assessed, where a variable is
changed and the response in the design is observed.

Ailerons

Fig. 6.25 presents the aileron sensitivity of all variants. The inertia about the longitudinal axis, Ixx is
increased and decreased by -40%.

Figure 6.25: ModuLR aileron sensitivity analysis

The change in aileron span varies almost proportionally with a change in inertia, for all variants, as the
sensitivity curves are almost linear. The -300 variant is the most sensitive, as the gradient of the curve
is steepest. The -100 and -200 variants have similar gradients, both less than that of the -300. The -200
variant is the least sensitive as the gradient is the lowest.

Elevator

Fig. 6.26 presents the sensitivity analysis of the elevator chord. The CLα is increased and decrease by
60 % for the -100 and -200 variants. For the -300 variant, it is only decreased by 40%, as values greater
than this result in an elevator that is greater than the horizontal tail.

As can be seen, the change in elevator chord is inversely proportional to the change in CLα . There
is little difference between the sensitivity of the -100 and -200 variants, and slightly greater sensitivity
for the -300 variant. However, the chord length of all variants is very sensitive to decreases of CLα from
about -20% onwards.
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Figure 6.26: ModuLR elevator sensitivity analysis

Rudder
Fig. 6.27 presents the sensitivity analysis of the rudder. The take-off thrust is changed by +/- 50%.

Figure 6.27: ModuLR rudder sensitivity analysis

As can be seen, the rudder chord length varies almost proportionally to changes in take-off thrust,
as the sensitivity curves are almost linear. The -200 variant is the most sensitive, as it experiences the
greatest gradient of all curves. The -300 is the least sensitive as it has the shallowest curve.

Sustainability
The control surface sustainability is primarily composed of ensuring environmental sustainability. This
is achieved by designing the control surfaces for the minimum required size, thus minimizing the amount
of parts required. This is done by meeting all requirements, and not over designing any control surface.
The reason as to why this achieves environmental sustainability is that there will be fewer parts at the
end of life of the control surfaces, therefore making an easier decommissioning procedure. Additionally,
fewer parts are needed to be made, in order for the system to fulfill its mission. In terms of social
and economic sustainability, the least amount of parts required means that it is easier to produce and
maintain the system, thus promoting the sustainability.

6.5.5 Conclusion & Recommendations
The results show that there is a significant difference between the ModuLR-300 and other variants, in
both the ailerons and elevators. The -300 requires significantly greater surfaces and actuator forces.
However, the smallest rudder chord ratio is required by the -300 variant.

The RUCA-T-ACS-CS-1 and RUCA-T-ACS-CS-2 requirements are met as the ModuLR-100 system
achieves a 45◦ bank angle in 1.39 s, the ModuLR-200 system achieves a 30◦ bank angle in 1.49 s, and
the ModuLR-300 system also achieves 30◦ bank angle in 1.49 s.
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The RUCA-T-ACS-CS-3 requirement is met, as the results show that no control surface requires a
deflection greater than 30◦. The maximum required deflection is 29.88◦, required by the rudder of the
ModuLR-100.

The RUCA-T-ACS-CS-4 requirement is met, as the elevator is operable within all the required flight
speeds, as shown in Fig. 6.20 in the results.

RUCA-T-ACS-CS-5 is met as the rudder is able to deflect sufficiently to counter act the asymmet-
ric thrust condition. RUCA-T-ACS-CS-6 is also met as the rudder control surface was conservatively
designed for VMC = VS , and is demonstrated to achieve directional stability.

Finally, RUCA-T-ACS-CS-7 and RUCA-T-ACS-CS-8 requirements are met, as the the actuators were
designed for a maximum stroke length of 0.4m, as was found from an existing actuator, and is within the
operating limits of the existing actuator. The chosen actuator is the Parker Fly-By-Wire Flight Control
Actuator5, and the required maximum stroke length is 0.4m, under a maximum force of 32.9kN, clearly
meeting the actuator operating limits.

By achieving the aforementioned requirements, the ModuLR system is additionally contributing to
achieving the RUCA-C-LEG-4, RUCA-T-OPS-CT-2, and RUCA-T-OPS-CT-4 to RUCA-T-OPS-CT-6
requirements, as the aircraft is controllable and operable in both the cruise and landing conditions, whilst
maintaining maneuverability and stability.

In the tail design section 6.4.2, it was determined that the ModuLR-200 tail could also be used for
the -100 variant. After applying this situation to the model, it is found that a rudder deflection of only
27.4 ◦ is required in the take-off configuration (due to the larger vertical tail surface), and an elevator
deflection of -4.6◦. Therefore, using the bigger of the -200 for the -100 case is favorable in terms of
controllability.

The following recommendations have been derived. Firstly, the inertia Ixx of the aircraft should be
revised and calculated in a significantly more accurate way, such as finding the individual contribution
of each sub system group. This will allow for a more accurate bank performance analysis, and a more
accurate aileron sizing.

Secondly, investigations into sizing the elevator in order to achieve the required angle of attack in the
take-off and landing phases should be undergone. This may change the size of the elevator, as this case
is not investigated.

Thirdly, although the aircraft meets the deflection requirements, a greater margin for the deflection
angle should be imposed, as the aircraft only adheres to the requirements at maximum deflection. It may
be desirable to have even more maneuverability in terms of banking angle, instead of simply meeting the
aforementioned requirements.

Fourthly, a sensitivity analysis could be performed on the actuator forces required, in case increasing
the stroke length positively benefits the actuator system by requiring less actuator forces.

Finally, where possible, the assumptions of the constants, aerodynamic coefficients, dimensions (such
as the value of zT ) should be revised and calculated through software tools, analytic methods, or by
conducting experiments on scale models of the ModuLR aircraft. Using such values will increase the
accuracy and reliability of the control elevator and rudder control surfaces, in particular.

6.6 Dynamic stability
In order to validate whether the current control surfaces and tail sizing meets the requirements an analysis
on dynamic stability is performed.

6.6.1 Method & Results
All configurations of the system are analyzed on both symmetric an assymetric motions. For the cruise
state of the aircraft both the symmetric motion and assymetric motion are written down into a space
state system following the method from [61]. The state space systems are then modeled in MATLAB
after a input on the system. The non-dimensional stability derivates used as input for the state space
systems are obtained by performing a stability analysis in XFLR5 [62] for all the configurations. The
stability derivatives obtained from XFLR5 [59], used as an input in the state space systems, can be found
in App. A. The following motions are analyzed:

• Short Period The short period motion is a symmetric motion of the aircraft caused by an elevator
step input. This temporarily elevator deflection causes the aircraft to pitch up and down, causing

5http://ph.parker.com/us/en/fly-by-wire-flight-control-actuators, visited on June 20, 2017
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an oscillation. The short period motion response to a step elevator input of ∆− 0.005[rad] can be
seen in Fig. 6.28.

Figure 6.28: Short period response to a step elevator input, δe = −0.005[rad]

• Phugoid The phugoid is just like the short period a symmetric motion of the aircraft. However,
in contrast to the short period motion the phugoid is a long period oscillation. During the phugoid
motion the aircraft starts to climb after a step input of the elevator. This climb results in a loss
of lift, leading to a decrease in pitch angle, and increase in velocity. The described motion then
repeats itself. The phugoid motion response to a step elevator input of ∆− 0.005[rad] can be seen
in Fig. 6.29.

Figure 6.29: Phugoid response to a step elevator input, δe = −0.005[rad]

• Aperiodic Roll This motion is initiated by a step input on the aileron, which induces a roll of
the aircraft. During this roll, the lift of the lower wing increases, while it decreases on the upper
wing, this then brings the airplane back in its initial condition.The aperiodic roll response to a
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pulse aileron input of ∆ + 0.025[rad] can be seen in Fig. 6.30.

Figure 6.30: Aperiodic roll response to a pulse shaped aileron input, δa = +0.025[rad]

• Dutch Roll The Dutch roll is triggered by a rudder input after which the aircraft starts to yaw,
which causes a difference in airspeed over the wings. The difference in airspeed results in one wing
that creates more lift, leading to a rolling motion. The dutch roll response to a pulse rudder input
of ∆ + 0.025[rad] can be seen in Fig. 6.31.

Figure 6.31: Dutch roll response to a pulse shaped rudder input, δr = +0.025[rad]

• Spiral motion The spiral motion is an asymmetric motion, where the aircraft is disturbed into
an initial roll angle, after which the horizontal component of the lift vector causes the aircraft to
make a turn. Due to the tilting of the lift vector the vertical lift component decreases, causing the
aircraft to lose altitude. The spiral response to a initial roll angle of +0.175[rad] can be seen in
Fig. 6.32.
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Figure 6.32: Spiral response to an initial disturbance of φ = +0.175[rad]

6.6.2 Verification & Validation
The MATLAB model is verified by following the example from [61]. With the same inputs and coefficients
to recreate the results. Validation of the model should be done by performing first wind tunnel test to get
an initial estimate for the non dimensional stability derivatives and afterwards a flight test that records
the flight data while performing all five eigenmotions. The model can then be compared to data from
the flight test in order to evaluate and improve the accuracy of the model.

6.6.3 Conclusion & Recommendations
From the short period response and the phugoid response, Fig. 6.28 and 6.29 respectively, it can be
seen that the symmetric motions are damped for all configurations. It can be seen that the period of
the ModuLR-100 is longer but the damping ratio is highest. All motions for all configurations converge
back to a steady state and therefore it can be said that the system fulfills the longitudinal stability
requirement RUCA-T-ACS-T-2.

From the aperiodic roll response and the dutch roll response, Fig. 6.30 and 6.31 respectively, it can
be seen that the asymmetric motions are damped for all configurations. It can be seen that the period
of the ModuLR-200 is shortest and has the highest damping ratio for directional stability. All motions
converge back to a steady state and therefore it can be said that the system fulfills the directional
stability requirement RUCA-T-ACS-T-1. An analysis with one engine inoperative shows that a 0deg
sideslip angle is still possible meeting requirement RUCA-T-ACS-T-3 and RUCA-T-ACS-CS-5

From the spiral motion response, Fig. 6.32, it can be seen that the system when disturbed into
an initial roll angle does not return to a steady state. Instead the roll angle keeps increasing for all
configurations. This indicates that the system for all configurations has spiral instability. Meaning
that the static directional stability of the system is strong compared to the system maintaining lateral
equilibrium.

It can be concluded that the aircraft has longitudinal and directional stability, but it has spiral
instability. When designing the controller for the aircraft this has to be taken into account. Coming
back from the spiral motion needs to happen gradually in order to avoid to high load factors due to
elevator deflection, which could cause structural failure. When a failure of the control system occurs and
the system will be disturbed into a roll angle, it can no longer return to a steady state due to the spiral
instability. Therefore, as a recommendation, the controller should be designed in a fail safe way, with
multiple feedback loops, in order for the system to be reliable.

As a recommendation, a redesign of the vertical tail should be performed. To work towards a
combination of both, directional, and lateral stability. This can be done by decreasing Cnβ and making
Clβ more negative to get into the stable region as can be seen in Fig. 6.33 by an iterative process of
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redesigning the vertical stabilizer. By achieving spiral stability the system will become more reliable,
since it will always want to return to a steady state.

Figure 6.33: Lateral stability diagram [61]

6.7 Total Drag
In order to calculate the efficiency of the aircraft in terms of lift over drag the total drag needs to be
known. In this section the drag forms will be evaluated and the efficiency of the aircraft will be presented.

6.7.1 Method
The drag of main components is estimated and added to get the total drag. A fudge factor of 1.06
is included to account for drag due to interference of many components. The components for which
the drag is calculated are the wings, nacelles, nose, fuselage, vertical tail and horizontal tail. The drag
contribution of the horizontal and vertical tail is explained in section 6.4. The drag due to the wing is
explained in section 6.1. The other drag forms will be elaborated on in this section.

The drag of the nose and fuselage is calculated together using both the method from Roskam [63] and a
program called Open Rocket. The two drag forms are compared and if the two don’t deviate too much
the drag form from Open Rocket if chosen as this resembles the aircraft fuselage and nose more closely.
The drag of the nacelles is calculated using the method provided by Roskam [63]. The drag is then
compared to reference values of other aircraft to provide a quick check.

All drag forms are known now and the total drag can be calculated. The total lift in cruise condition
will be divided by the drag in cruise condition to get the Lift over Drag in cruise condition.

6.7.2 Results
The individual component drag coefficients and total drag coefficients for each of the configurations is
presented in Tab. 6.16.

Table 6.16: Component and total drag coefficients of the aicraft in average cruise condition

ModuLR-100 ModuLR-200 ModuLR-300

Wing 0.0191 0.0178 0.0216
Fuselage + Nose 0.0148 0.0109 0.00575
Nacelles + Pylons 0.00645 0.00475 0.00504
Horizontal Tail 0.00190 0.00217 0.00193
Vertical Tail 0.00102 0.000754 0.000657
Total 0.0433 0.0364 0.0350



88 Delft University of Technology20 - Reconfigurable Unmanned Cargo Aircraft

6.7.3 Verification & Validation
The program that adds all the drag forms and calculates the total drag is verified by calculating the
summation of the drag forms by hand and comparing it to the results of the program. Validation is
by comparing results for each drag component. Each result is checked either by comparing it to other
software or to reference aircraft. In this way a reference is provided to check the drags. For example
the drag of the nose and fuselage is evaluated both with a program called OpenRocket and the methods
depicted by Roskam. The Lift over Drag ratio of the aircraft are also compared to other aircraft to verify
the end result.

The drag of the empennage is checked and seems to make sense when compared to other reference
empennages. The fuselage drag is check by comparing the results of Open Rocket to Roskam [63]. The
lift over drag values seem to deviate for the small and baseline version, but this can be explained by the
fact that reference aircraft are not reconfigurable and therefore have components, such as the fuselage,
which are sized to the rest of the aircraft. The penalty of not reconfiguring the fuselage results in the
lower Lift over Drag value for these versions.

6.7.4 Sustainability
A balance had to be found between take-off performance and fuel efficiency. In this way sustainability
in terms of noise and C02 emissions is to be traded off. The requirements with respect to noise are
tried to be met and hereafter the fuel efficiency is tried to be minimized to achieve a good trade-off in
sustainability.

6.7.5 Conclusion & Recommendations
The ModuLR-100 and ModuLR-200 meet the requirements and perform as expected with respect to
efficiency in terms of lift over drag. The small configuration does not meet the lift over drag that
was required during preliminary design. This is due to the fact that the keeping the fuselage constant
amongst the different configurations has a bigger influence than expected. It might be convenient to
re-evaluate this decision in a new iteration. The drag itself can also be evaluated more precisely by using
more accurate CFD models or wind tunnel analyses. The drag due to interaction between components
is difficult to simulate using the current methods and therefore this can be of great importance.
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Chapter 7

Structures

This chapter analyses several aspects of the aircraft on a structural level. The wingbox, in section
7.1, is discussed in great detail. Several other aspects, such as the landing gear, the fuselage, and the
reconfiguration of the ModuLR are analyzed more globally or only qualitatively in section 7.2. The
variables needed to reproduces all methods are presented in Tab. A.1.

7.1 Wingbox
This section discusses the design of the wingbox. Firstly, in subsection 7.1.1 some assumptions are
stated. Then, the method of the wingbox design is elaborated upon in subsection 7.1.2, after which its
results are shown in subsection 7.1.3. In this subsection also the material analysis is performed. To
verify and validate the results, unit tests are executed and a Catia model is generated in subsection
7.1.4. Moreover, subsection 7.1.5 analyzes the sensitivity of the numerical code model and evaluates the
discretization error. Furthermore, the sustainability of the design is discussed in subsection 7.1.6. Lastly,
some recommendations for further analysis and research are provided in subsection 7.1.7.

7.1.1 Assumptions
In order to get an appropriate estimation of the wingbox design, some assumptions are made. These
assumptions are listed below:

• Lift is assumed to be elliptically distributed;

• The total drag is assumed to be equal to the lift drag;

• The wingbox is assumed to be symmetrical of rectangular shape;

• It is assumed that no deflections and no deformations take place in the wingbox;

• It is assumed that the wingbox has a single cell cross section;

• The fuel and wing weight are distributed according to area;

• The lift and drag act on the centroid of the wingbox;

• Centroid of the airfoil is at the same location as the centroid of the wingbox;

• Sweep is neglected for all calculations;

• The engines and landing gear are assumed to be point masses;

• The wing skin has a constant thickness of 3 mm.

7.1.2 Method
A wing is a complex structure on which several loads are acting. One of the most important loads is
the lift, as discussed in chapter 6. Moreover, in chapter 5 the engines are designed, which leads to the
thrust and weight of these point loads. Not only which engine, but also the number of engines for each
configuration comes from this chapter. The location of the engines is both 1

3 and 2
3 (in case of four

engines) of half the wingspan. Furthermore, the landing gear is positioned underneath the two engines
closest to the fuselage, thus being at 1

3 of half the wingspan.

As discussed in chapter 6, the wing has a taper ratio of 0.4: an elliptical wing is imitated. For
simplification purposes, the lift is thus assumed to be elliptically distributed. This assumption, and
more, are found in subsection 7.1.1.

The lift needed during take-off, however, cannot be generated only by the clean wing. So HLD’s
are included in the wing. These HLD’s and ailerons, for manoeuvrability, require 30% of the chord and
therefore take away area for the wingbox. Besides the discussed external loads, the wing structure itself,
the fuel weight, the fuselage, and the payload do also contribute to the stresses in the wingbox.
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Figure 7.1: Front view of the ModuLR-300 with the applied loads

A visualization of all these loads is given in Fig. 7.1. In green the lift is shown, which is counteracting
all the red forces and weights of the aircraft itself, composed of the structure itself and the engines with
the landing gear included.
The loads as described above that are carried by the wingbox are analyzed by a numerical code model
written in Python. Along the span of the wing is divided into small finite elements. For each cross section
of these elements, firstly, the centroid is located. Secondly, the moment of inertia can be determined
with the cross sectional dimensions in combination with the located centroid. Hereafter, the internal
stresses can be calculated to finalize the wingbox design with the Von Mises stress.

Sections of the wingbox
When looking at the different configurations, the amount of engines varies, as is explained in chapter 5.
The ModuLR-100 and ModuLR-200 versions both require two engines. The ModuLR-300, on the other
hand, requires four engines. The position of the engines divides the wing into different sections. For an
aircraft with two engines, a single wingbox has two sections. The version with four engines splits the
wingbox into three sections. When going from one cross section to another, the acting loads differ. Tab.
7.3 presents the loads on each of these boxes. All ModuLR configurations, -100, -200, and -300, have
box 3 connected to the fuselage, as can be seen in Fig. 7.2, i.e. the configurations -100 and -200 do not
have box 2.

(a) ModuLR-100 (b) ModuLR-300

Figure 7.2: Top view of the ModuLR to indicate the different sections within the wingbox

Besides the engine, the wingbox is also influenced by control surfaces as mentioned earlier this section.
With these control surfaces, which are designed for 30% of the chord, the wingbox has to be sized for the
remaining approximately 60%. So the front spar and rear spar are located at 0.1c and 0.7c, respectively.
A sketch of the wingbox is presented in Fig. 7.3. As can be seen, the front and rear spar are connected
with the top and bottom panel by four stiffeners. Furthermore, the wingbox contains stringers at the
top and bottom to increase the moment of inertia, which will be discussed further down this section.

The dimensions of the cross section increase going from the tip towards the root. The thicknesses,
however, only differs between the sections. Also the number of stringers differs between these section.
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Table 7.1: Different sections within the wingbox with their respective loads

Box 1 Box 2 Box 3

Lift Lift Lift

Drag Drag Drag

Wing weight Wing weight Wing weight

Fuel weight Fuel weight Fuel weight

Thrust Thrust

Engine weight Engine weight

Landing gear weight

Figure 7.3: Front view of the wingbox, including the used axis system

Loading diagrams
The lift and all the weight contributions of Fig. 7.1 comes from the MTOW and the ultimate loading
factor achieved from Fig. 4.2. With these loads, the shear and moment diagrams can be drawn, as seen
in Fig. 7.4. Firstly, the shear diagrams for all different configurations are made. The value at the tip is
equal to zero and increases towards the root. There are, however, jumps. At these positions the engines
and landing gear are located. Between the root and the symmetry axis the shear force will decrease due
to the fuselage and payload weight.

Secondly, the bending moments for all different configurations are determined with the shear force
at each location along the span. As expected the lift distribution has the most influence on Mx, which
results in a moment of quadratic shape. Furthermore, the influence of the engines and landing gear cause
a change in slope for again the moment around the x-axis. In contrast to the Mx, Mz is only influenced
by the engine thrust and the drag of the wing.

Centroid
The centroid of each cross section along the wingspan has to be determined. The centroid along the
x-axis will always be in the middle due to symmetry, the centroid along the z-axis, however, should be
determined according to Eq. 7.1.

z̄ =

∑
Ai · zi∑
Ai

(7.1)

Moment of Inertia
To define the moment of inertia of the aircraft, each cross section is separated into different elements,
such as horizontal- and vertical parts of stringers and outer wingbox sheets. Every element is simplified
as a rectangular shape. With that, the moment of inertia of each element is calculated with the use of
Eq. 7.2. When every element is determined, they are summed to achieve Ixx and Izz of every cross
section. To complete the moment of inertia of each cross section the wing skin moment of inertia should
be added. These moments of inertia are determined with the use of Catia V5.

I =
b · h3

12
+A · d2 (7.2)
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(a) ModuLR-100 (b) ModuLR-200

(c) ModuLR-300

Figure 7.4: Shear and bending moment diagrams of the different ModuLR versions during cruise

Bending

With the moment diagrams and the moments of inertia the bending stress, around y-axis, can be deter-
mined with Eq. 7.3. Since the lift is much higher in comparison with the drag, the first term is the main
factor to this stress.

σy =
Mz

Izz
x+

Mx

Ixx
z (7.3)

Shear

The wingbox should, besides the bending stress, also be designed to carry shear stress. The shear stress
arises from the forces parallel to the cross section i.e. shear force. With the shear forces and moments of
inertia, the shear flow around the wingbox is determined with Eq. 7.4. By means of dividing the shear
flow by the sheet thickness at the corresponding locating, the shear stress is obtained.

qs = −(
Sx
Iyy

)

∫ s

0

txds− (
Sy
Ixx

)

∫ s

0

tyds+ qs,0 (7.4)

Von Mises

To predict the yielding of the wingbox the Von Mises stress is used. Based on the bending and shear
stresses, the Von Mises stress is calculated using Eq. 7.5.

σv =

√
1

2
σ2 + 3τ2 (7.5)
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Rivet spacing

Assemble all the part together can be done with all different kind of joints. Riveting is common in
avionics, because rivets are reliable, readily applicable, and can be easily inspected and repaired, hence
it is also used for the ModuLR. A riveted joint often has many rivets. These rivets are set out in rows at
calculated distances and normalized to the nearest standard value. The optimum pitch to transfer the
loads can be obtained according to Eq. 7.6 [64].

s =
Dhole

(1− Q
tsheet·σsheetfailure

)
(7.6)

7.1.3 Results
The results of the method described in section 7.1.2 will be discussed in this section. Import to note
is that the ultimate load factor from Fig. 4.2 is multiplied with a safety factor to prevent the wingbox
from failure due to unforeseen circumstances, such as risk 1 in the technical risk assessment in chapter 10.

For each ModuLR configuration, the maximum Von Mises stress is located at the root. A first run with
the numerical code program with a random amount of stringers and sheet dimensions resulted in a Von
Mises stress of 844 MPa on the ModuLR-300 configuration. Clearly too high, but as no material was yet
chosen, an analysis on several types of aluminum was performed to choose exactly that alloy that has
both a high yield stress and a relatively low density. The analysis can be seen in Fig. 7.5a1 [65]. From
this it is clear that the aluminum alloy 7178-T6 has the highest strength per kg

cm3 and is therefore chosen
as the material for the wingbox structure.

Even though this alloy has a yield strength of 538 MPa, the initial Von Mises stress is too high. A
second run for the ModuLR-300 configuration with more stringers and different sheet thicknesses resulted
in a Von Mises stress of 503 MPa as can be found in Fig. 7.5b. The maximum Von Mises stress of the
ModuLR -200 and -100 are 390 MPa and 211 MPa respectively. The jumps in stress are due to a change
in sheet thickness. This and more details on the wingbox dimensions of all configurations can be found
in Tab. 7.2. Mind, however, that no ribs were placed along the wingspan.

(a) Comparison between different aluminum alloys
(b) Von Mises stresses in the top sheet of the wingbox
for the ModuLR-100, -200, and -300

Figure 7.5: Comparison between different aluminum alloys and comparison of different Von Mises stresses
between different configurations

The rivet spacing is designed for the maximum stress concentration. With Eq. 7.6 described in the
method a joint with a single rivet row with a spacing of 1 cm is designed to withstand these maximum
stress [64].

1http://www.aerospacemetals.com/aluminum-distributor.html, visited on June 24, 2017
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Table 7.2: Dimensions and stresses of the wingbox of all configurations

Configuration Section Component Value

ModuLR-100

Box 1

Sheet Thickness 1 mm

# Stringers 2

Stringer Dimensions 5 cm x 5 cm x 1 mm

Box 3

Sheet Thickness 1 mm

# Stringers 4

Stringer Dimensions 5 cm x 5 cm x 1 mm

ModuLR-200

Box 1

Sheet Thickness 1 mm

# Stringers 2

Stringer Dimensions 5 cm x 5 cm x 1 mm

Box 3

Sheet Thickness 2 mm

# Stringers 8

Stringer Dimensions 5 cm x 5 cm x 1 mm

ModuLR-300

Box 1

Sheet Thickness 1 mm

# Stringers 4

Stringer Dimensions 10 cm x 10 cm x 6 mm

Box 2

Sheet Thickness 2 mm

# Stringers 8

Stringer Dimensions 10 cm x 10 cm x 6 mm

Box 3

Sheet Thickness 6 mm

# Stringers 18

Stringer Dimensions 10 cm x 10 cm x 6 mm

Figure 7.6: Catia V5 result of the wingbox at the tip of the wing of the ModuLR-300

7.1.4 Verification & Validation
To verify the code which has been written to compute the wingbox stresses, unit tests have been per-
formed to assure correct results.

Firstly, it is checked whether the total lift during cruise equals the maximum take-off weight. With
an error of 0.1% this is assumed verified.

Secondly, the total lift during cruise is checked against the sum of the weight components on the
wing, including the fuel, engine, landing gear, fuselage, and payload weights. As certain components
such as the tail, nacelle, and flight control systems are not included, the difference of 12000 kg can be
rightly explained and thus be verified.
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Then, the position of the engines and landing gear is checked. As can be seen in Fig. 7.4, the shifts in
the shear diagram occur exactly at both 1

3 and 2
3 of half the wingspan. The shift at 1

3 is slightly bigger
due to the weight of the landing gear.

Lastly, both the shear and bending moment diagrams should start and end with zero shear force and
bending moment, respectively. As again can be noticed in Fig. 7.4, this is indeed the case and can thus
be verified.

Validation, on the other hand, is performed by comparing the numerical code model to a model of
the ModuLR-300 constructed in Catia V5. The CAD model, however, used a different airfoil shape and
different dimensions for the stringers and panel sheets as these were not yet known at the moment of
constructing the Catia model. A front view as well as a side view of the CAD model can be seen in
Fig. 7.7, where the highest stresses do indeed occur at the root section of the wing, as computed in
subsection 7.1.3. The highest Von Mises stress for the ModuLR-300 is seen to be 480 MPa, which is only
a 5% difference with the Von Mises stress computed in the numerical code model, the model thus having
validated.

Figure 7.7: Side and top view of the Catia V5 stress analysis of the wing of the ModuLR-300

7.1.5 Sensitivity
To see how sensitive the computations within the numerical code model are, a sensitivity analysis is
performed. Firstly, is it checked how the Von Mises stress changes when the position of the engines
is altered. When positioning the engines more outboard, the Von Mises stress at the root of the wing
should lower. Alternatively, when positioning the engines more inboard, the Von Mises stress should
augment. It is, however, not taken into account that the engine cannot be placed at the root of the wing
due to the clearance of the propeller blades or that an engine placement at the tip would be unfeasible.
Fig. 7.8 shows the maximum Von Mises stress of the ModuLR-100 with different engine positions.

Finally, the discretization error within the numerical code model is analyzed. The amount of steps
along the wingspan is altered to see its change on the shear in the z-direction at a distance of 5m from
the root of the wing (of the ModuLR-300).
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Figure 7.8: Sensitivity analysis of the engine position of the ModuLR-100 on the Von Mises stress
occurring at the root

Table 7.3: Different sections within the ModuLR-300 wingbox with their respective loads

# Steps Shear at 5m [N] Error [%]

10 111587 45%

50 212146 4%

100 222872 9%

500 203194 0.3%

1000 202965 0.4%

5000 203925 0.04%

10000 203898 0.03%

7.1.6 Sustainability
To assure that the structure is as sustainable as possible, three different life-cycle factors will be looked
at: production, use-phase, and end-of-life-phase.

The material choice of the structure is most important for sustainability. Subsection 7.1.3 discussed
the material choice purely based on the strength to weight ratio. From this, the aluminum alloy 7178-T6
was chosen. Composites were not regarded during this analysis, even though the use-phase of composites
is much more sustainable, inasmuch as it is lighter and thus results in a lower total fuel consumption.
Composites, however, are much more expensive than aluminum and perform less well on sustainability
during the production and end-of-life phase.

During the production, for example, of composites health issues might play parts. Firstly, an epoxy
allergy can arise for some people2. Secondly, exposure to carbon fiber ’dust’ is proven to lead to all kinds
of lung complications3.

Moreover, at the end-of-life-phase of aircraft, aluminum is intrinsically sustainable as the basic prop-
erties do not change with mechanical or physical processing. Recycling components of composite nature,
however, is more difficult as it results in shorter fibers4. The needed strength in aerospace components
can then not be reached anymore. Furthermore, the energy needed to recycle composites with the
method called ’pyrolysis’ is much higher than that of aluminum. It is, however, important to note that
this method only uses about 5% of the energy needed for the original manufacturing process for carbon
fiber5.

2http://www.dermnetnz.org/topics/allergy-to-epoxy-resin/, visited on June 25, 2017
3http://www.carbonfiber.gr.jp/english/material/safety.html, visited on June 25, 2017
4https://recyclenation.com/2015/10/is-carbon-fiber-better-for-environment-than-steel/, visited on June 25, 2017
5http://www.compositesworld.com/articles/carbon-fiber-reclamation-going-commercial, visited on June 25, 2017
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7.1.7 Conclusion & Recommendations
In this section the wingbox is designed based on the loads acting on the wing. The highest Von Mises
stresses are seen to occur at the root of the wing for all ModuLR configurations. However, no optimization
has been performed to accurately measure the ideal position of the engines in combination with the
amount of stringers and the sheet thicknesses. Furthermore, an analysis should be performed on the
addition of wing ribs along the wingspan.

Moreover, the stress analysis is now only performed during cruise with full fuel load in the wings,
i.e. accounting for quite some bending relief. In further analysis the stress should also be computed at
the end of cruise, i.e. when fuel does not account for bending relief anymore, and at the moment of
touchdown, i.e. when extra point loads are introduced at the location of the landing gear.

A sensitivity analysis is performed in subsection 7.1.5. Here, the engine location is altered to see the
effect on the Von Mises stress at the root of the wing. As discussed earlier, further optimization should
be performed to analyze an ideal engine location. For the sensitivity analysis, also several other factors
should be looked into and altered, such as: airfoil shape, number of stringers, sheet thicknesses, stringer
dimensions, material, and rivet spacing. Furthermore, the discretization error is discussed. With 10000
steps the error is only 0.03%, but the computing power to do this for all computations is rather large.
Further analysis should be performed with more computing power such that the results are as accurate
as possible.

Also, an analysis is performed to choose an optimal aluminum alloy: 7178-T6. This analysis only
regarded yield strength and density. In subsection 7.1.6 some sustainability aspects were discussed as
well. However, more research should be conducted on the benefits of composite materials and whether
it can be used on some parts or components of the ModuLR aircraft, as is done with the new Boeing
787 aircraft, which consist of 50% composite materials6.

To validate the numerical code model, a Catia V5 model is made. Fig. 7.7 also shows the highest
Von Mises stresses being at the root. However, the used version of Catia is not able to apply elliptical
loads, only distributed loads of rectangular shape. As the highest stresses would occur at the root,
the distributed load in Catia was assumed of the same magnitude as the highest load of the elliptical
distribution. For a more precise stress analysis, another program should be used to be able to analyze
the correct stresses along the entire wing and not only the root. What is more, the wing weight seemed
not to give any correct results within Catia. To be able to also validate this result, the wing weight
should be looked into further.

7.2 Miscellaneous
In this section the design of the landing gear, the decision on pressurizing the fuselage, and the bolts
needed for the reconfiguration of the wings, tails, and engines is discussed. The landing gear is treated
in subsection 7.2.1, the fuselage pressurization in subsection 7.2.2, and the structural reconfiguration in
subsection 7.2.3.

7.2.1 Landing Gear
The landing gear is designed according to the methods proposed by Torenbeek [50]. Firstly, the number
of wheels and struts on both the main and nose landing gear is analyzed with the use of Eq. 7.7, where
Nmw is the number of wheels for the main landing gear, rounded to the nearest multiple of four. For large
transport aircraft the nose landing gear has two wheels. As the landing gear will not be reconfigured,
due to the fact that the drag penalty was deemed too small, the number of wheels for all configurations
will be those designed for the ModuLR-300. The number of struts for any aircraft with less than twelve
wheels is two.

Nmw =
f ·MTOW

210000
=

0.66 · 632912

210000
≈ 1.99→ 4 (7.7)

Then, the tire pressure is estimated by using reference data based on the MTOW. Based on these
reference data the tire pressure should be around 160 psi, or 11.2 kg

cm2 . Next, the static load per wheel
is computed in Eq. 7.8, assuming that the main landing gear carries 92% of the total load.

Pmw = 0.92MTOW
Nmw

= 14840 kg Pnw = 0.08MTOW
Nnw

= 2580 kg (7.8)

6http://www.boeing.com/commercial/aeromagazine/articles/qtr 4 06/article 04 2.html, visited on June 25, 2017
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With the tire pressure and the static loads per wheel, reference data from Torenbeek [50] is used to see
which tires meet the above requirements. From this, it is seen that a British tire with dimensions of 50
in x 15.75 in best fits the ModuLR aircraft. In Fig. 7.9 the landing gear wit according dimensions can
be seen.

(a) Side view (b) Front view

Figure 7.9: Front view and side view of the landing gear, including dimensions

The struts itself, especially the strength needed to withstand the static and dynamic loads, have not
been analyzed and should be sized in further research. In further research the applicability of so-called
ferrofluids should be analyzed [66].

7.2.2 Fuselage Pressurization
A qualitative approach on the question whether to pressurize the fuselage or not, is used to make
the decision due to time and resource constraints. The procedure was to identify the effects of having
pressurized containers instead of a pressurized fuselage, and vice versa. Afterwards, based on the findings
and the time and resources allocated, the final decision is made.

• If pressurized containers would be used, the standardized containers may need to be reshaped to
cope with the stress differences. This results in extra costs and effort in, among others: research
of new pressurized containers, production, and also certification. Apart from reshaping, stronger
or more materials could be used for manufacturing, but will still have the same consequences as
mentioned before;

• If pressurized containers would be used, each container would have a air compressor or pressure reg-
ulator which adds weight and consumes additional power. It would also require more maintenance
and thus cost;

• Even though the use of pressurized containers would enable differently shaped fuselage, the fuselage
still needs to provide adequate space for the payload, while keeping the unused space at a minimum,
and be aerodynamically shaped. Sharp-cornered fuselages and blended wing body are not the
options for the design, so eventually the fuselage would look like as if it was pressurized;

• Having the fuselage unpressurized makes the skin vulnerable to the effect of dynamic pressure when
flying at higher angles of attack.

In short, using pressurized containers would require more weight and costs, and call for more research
which is not feasible within the project time allocated. A lot of uncertainties would then be introduced
and numbers would not be justifiable partially due to lack of verification and validation. Having a pres-
surized fuselage is feasible, and numbers resulting from conventional pressurized fuselage sizing methods
and modeling can be verified and validated.

7.2.3 Reconfiguration
The reconfiguration between the different aircraft parts is as easy as possible for a short operation time.
The relative easy connection, turbofan engine to the wing, is used as example. In this section the bolts
itself will be discussed in more detail. The reconfiguration operations, however, will be described later
on.
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The bolts should withstand the (shear) stresses in the structure and the total weight of the aircraft.
First, the shear stress across the area of the bolt can be found in Eq. 7.9.

Fult =
π

4
D2τfracture (7.9)

Furthermore, the maximum stress in the bolt from tensile load(s) is:

σ =
F
π
4 d

2
c

(7.10)

From the analysis in Fig. 7.5a, it is chosen to have the aluminum alloy 7178-T6 as material for the
structure. With the specification of this material, the bolts dimensions can be sized. So are for the
reconfiguration of the wing at least 4 aluminum (7178-T6) bolts of at least 15 cm diameter are needed
[64].

In further research it is recommended to analyze the use of other material than the 7178-T6 aluminum
alloy for the connection between the different aircraft parts. It can reduce the diameter and/or the
amount of bolts and therefore (perhaps) the size of the connectors. Furthermore, the total connection
shall have more critical components than just the bolts, hence, a closer look at all the components has
to be done to make these connections more reliable.
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Chapter 8

Air and Ground Operations

The operations heavily influence the feasibility of the design. The aircraft operations are split into nine
parts in this chapter. Firstly, the regulations regarding unmanned flight and reconfiguration are discussed
in sections 8.1 and 8.2. In section 8.3, the communications between the ground station and aircraft are
designed, followed by the design of the unmanned control system in section 8.4. Section 8.5 will explain
the proposed service model and its advantage for the ground and reconfiguration operations, presented
in section 8.6 and 8.7. Section 8.8 will describe the RAMS characteristics followed by section 8.9 where
the production plan is explained. Finally, the sustainability and conclusion are described in section 8.10
and 8.11, respectively.

8.1 Flight Operational Regulations
Aviation authorities both want to stimulate acceptance of unmanned systems into civil air traffic while
maintaining a high safety standard. There are currently few regulations regarding unmanned flight.
EASA released a policy statement highlighting considerations for future legislation in 2013 [67]. These
served as early guidelines for future regulations with the main policy objectives being as follows:

• The primary Airworthiness Objective shall be to ensure the safety of people and property on
the ground as the aircraft is unmanned. The risk posed by the unmanned operations should be
equivalent to that of manned operations.

• The UAS shall adhere to the Environmental Protection Objectives in Basic Regulations Article 6
in addition to ICAO Annex 16, Volumes I and III, which make no distinction between manned and
unmanned operation.

Furthermore, in 2015 EASA published a Technical Opinion, ”Introduction to a Regulatory Framework
for the operation of Unmanned Aircraft” [68], where the proposed framework would be proportionate
with respect to the risk presented by a particular UAS. The ModuLR belongs in the Certified category
as ”International cargo transport operations with large unmanned aircraft” are specifically mentioned as
belonging in this category. They rely on existing regulations for manned aircraft in the form of case by
case issuing of Restricted Type Certificates (RTC) and Permits to Fly (PTF), in addition to Restricted
Certificates of Airworthiness (RCofA) and Noise for individual UAS [68].

8.1.1 Certification Specification
Issuing of Certificates of Airworthiness are based on adhering to Certification Specifications (CS) and
will be adopted from manned operations for the Certified Category. The policy statement presents
a method for estimating the most applicable airworthiness code based on the kinetic energy hazard
at impact calculated using equations 8.1 and 8.2 during loss of engine power and control respectively.
Kinetic energy levels are given in Tab. 8.1 and their recommended Certification Specifications are then
determined from Fig. 1 and 2 in App. 1 of the Policy Statement [67].

Ek,unpremeditated =
mMTOW 1.3V 2

stall

109
(8.1) Ek,loss−of−control =

mMTOW 1.4V 2
op,max

109
(8.2)

8.1.2 Special Conditions
Paragraph 21.A.16B Special Conditions in Part 21 states that ”The Agency shall prescribe special de-
tailed technical specifications, named special conditions” when an aircraft ”has novel or unusual design
features relative to the design practices on which the applicable certification specifications are based”
[69]. This applies to both the unmanned operations and reconfigurability in the case of the ModuLR.
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Table 8.1: Suggested Certification Specifications for each configuration based on impact kinetic energy
levels during loss of power and control situations.

Configuration Ek level, Unpremeditated Ek level, Loss of control Certification Specification

Small 0.43 5.58 CS-25

Baseline 0.67 9.89 CS-25

Large 1.30 17.93 CS-25

The Policy Statement gave some guiding Special Conditions to take into consideration with respect to
unmanned operations as these are likely to affect future legislation [67].

Emergency Recovery Capability
A emergency recovery system can either be on the form of a flight termination or recovery system both
aimed at minimizing danger to people on the ground. The former immediately terminates the flight and
seeks to minimize the kinetic energy during impact on the ground, while the latter would initiate manual
or pre-programmed recovery procedures guiding the aircraft to a safe emergency landing zone or runway.

Command and control link
For safe UAS operations, a reliable data link is required between the aircraft and command station. Type
certification should include this aspect w.r.t. for example redundancy and electromagnetic interference.

Level of Autonomy
The achievable level of autonomy will mostly depend on the available technological for safely integrating
UAS into non-segregated air space.

Human Machine Interface
The interface between the operator and aircraft should include requirements such as the needed level of
situational awareness based on the level of autonomy.

Control station
Any functional aspect of the ground station that affects aircraft safety will be covered by the type
certification, including equipment, uplink, backup systems and security measures.

8.1.3 Future UAS Regulatory Road Map
The Technical Opinion [68] presented a road map for the future legislative process where it was stated
that work could start on amending Implementing Rules used for legislative guidance for the Certified
category, and that initial CSs for unmanned aircraft were to be expected in Q2 of 2017.

8.2 Reconfigurability Operational Certification and Regulations
The regulations described in the previous section cover the unmanned control of the ModuLR. Another
imported aspect with regard to regulation and certification is the reconfigurability of the ModuLR.
Certification of a new aircraft involves many different tests on the aircraft to prove its compliance to
the regulations concerned. After successful completion of the test phase, the aircraft will receive a Type
Certification [70]. The Type Certification is valid for that specific design and is subject to continuous
regulations regarding maintenance and different airworthiness tests.

When an alteration is made to the airframe, two different categories can be distinguished: minor and
major alterations. When altering any component causes an appreciable change in its weight, balance,
structural strength, performance, powerplant operation, flight characteristics, or other qualities affecting
airworthiness, it is considered as a major alteration [71]. According to this definition, reconfiguration of
the ModuLR can definitely be considered as a major alteration.

Next to the Type Certificate, another certificate can be used which is the Supplemental Type Certifi-
cate (STC) [72]. The STC is an additional certification when a major alteration is made to the original
design. Since that major alteration is not part of the original Type Certificate, a STC can be used
to certify the alteration. The advantage of using STCs is the reduction in the amount of certification
procedures since only the alteration has to be certified and not the entire aircraft.

For the ModuLR, STCs can be used to certify the different wings and tail for other configurations.
Then, when the reconfiguration is performed, the configuration type should be stored in a central database
with the correct configuration and applicable STCs.
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For large aircraft, reconfiguration is new and current regulations do not count on multiple major alter-
ations in the lifetime of an aircraft. Therefore, there must be consultation with the concerned authorities
for this concept. Perhaps an example can be taken from the world of gliders which are build in such way
that they can easily be taken apart for transportation. Also, the DG-505 glider can fly in three different
wing configurations based on the desired properties1 without the need of extensive paper work.

8.3 Communications
Throughout the whole operating time of the ModuLR, reliable communication systems are needed that
can provide enough bandwidth for different stages during operation. To reduce development costs and
cooperate with international standards, the aim is to use current and future international standards as
much as possible. This section is split up into two subsections: first communication systems during
cruise will be handled, the second subsection is about communication during take-off and landing.

8.3.1 Cruise
During cruise, communication with the Operations Control Center (OCC) occurs mainly for monitoring
the state of the aircraft and bandwidth-intense data streams such as video are not needed. Still, if
necessary, the aircraft is perfectly controllable by updating waypoints, destinations, and other flight
parameters. To allow for this, a service that is similar to the Controller-Pilot Data-Link Communications
(CPDLC) service will be developed. Currently this service is implemented in two different architectures:
FANS 1/A and ATN. It is expected that these architectures will merge into ATN B3 IPS [73][74]. Using
the Internet Protocol Suite (IPS), the aircraft is able to use more bandwidth [75] and thus allows the
broadband data connection that is required for an autonomous aircraft.

Multiple physical data links will be used. Primarily the Inmarsat Jet ConneX Ka-band network is
used. This network provides a data downlink of 15 mbit/s and uplink of 1 mbit/s [76] and provides
worldwide coverage as can be seen in Fig. 8.1.

Figure 8.1: Inmarsat Jet ConneX Coverage map 2017[77]

It is expected that from 2020 onward, new satellites will be launched that provide an even higher
capacity and better redundancy, promising higher data rates in the future. To allow for a reliable
data connection over congested areas in Europe, the satellite infrastructure is complemented with the

1https://www.dg-flugzeugbau.de/en/library/dg-505-orion-short-description, visited on June 18, 2017
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European Aviation Network (EAN) [77]. EAN combines an extra S-Band satellite infrastructure with
a 4G LTE complementary ground component system, to allow for high throughput, high capacity, and
a low latency up to 40 ms. Another advantage is the lower operational costs that are linked with this,
making this the preferred connection when flying over Europe [77].

When a high data rate is not required, the aircraft can connect with the OCC using VHF frequencies.
More specifically, an option is the ICAO VHF Data Link (VDL) Mode 2. This connection is currently
available and provides a data rate of 31.5 kbit/s [78]. The ATN IPS system will also have backwards
compatibility with the older ACARS architecture that uses the largest currently available VHF data link
network [79]. This can be used as an extra redundancy in case the aircraft has to communicate with
non compatible ATCs on the ground. In this case, a selection of transmitted data has to be chosen since
data rate is limited to around 2.4 kbit/s [80].

Besides these three technologies that will be used during cruise, many new broadband communication
systems such as LDACS [81] are currently being developed and might provide better performance in
terms of bandwidth, latency and availability for a lower operating price than using a satellite connection.
LDACS, for example, integrates communications, navigation and surveillance technology into one system.

Furthermore, the ModuLR uses Automatic Dependent Surveillance-Broadcast (ADS-B) to broadcast
identification, position, altitude, velocity, and other status parameters to ATC and aircraft in its vicin-
ity. ADS-B provides real-time high accuracy positioning for the ATC, enabling more efficient routing,
improved take-off and landing accuracy. In general, the flow management is also better [82]. Another
aspect of the integrated ADS-B system is ADS-B In; a feature which allows the aircraft to receive traffic
information about surrounding aircraft that are also equipped with ADS-B Out. For most aircraft, it is
already mandatory to have ADS-B Out equipment in Australian and European airspace [83]. In 2020
this will be mandatory in US airspace as well [84]. Using this ADS-B data from other aircraft and
data from ATC, the aircraft can optimize its distinct route. This results in a lower chance of a mid air
collision. Should a situation still occur where this system fails and a collision is about to happen, TCAS
will ensure that the collision is avoided as final safety feature.

In Fig. 8.2, a graphical overview of the communication system is shown.

Figure 8.2: Communications system overview

8.3.2 Take-off & Landing
Different requirements arise during time-critical operations, such as landing and take-off. Latency during
these operations can have catastrophic results. For this, a reliable low latency communication system
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must be set up.

The challenge in this case is to always have a low latency and a respectable data rate, irrespective of
whether communication channels are congested. Latencies starting at 100 ms may already deteriorate
the ability of steering the aircraft, while higher latencies in the range of 250 ms - 300 ms [85] may provide
unacceptable steering capabilities. The communication methods proposed in the previous section do not
meet these requirements as communication with geostationary satellites like the Inmarsat will have a
latency of at least 238 ms [85], while a VDL connection can only handle a data rate of 31.5 kbit/s.
Although this is enough to send control parameters, sending images, video, haptic communications, and
a higher range of parameters might pose a challenge. To achieve an optimal communications system, a
latency budget is set up consisting of all steps that occur during communications.

Aside from the data connection itself, other aspects of the connection introduce latency as well.
Since the data between the ModuLR and OCC requires a secure connection to prevent a malicious user
of interacting with the aircraft, data needs to be encrypted and decrypted. It is estimated that this
takes an extra 1-2 ms latency per operation. Since every round trip requires two times an encryption
and decryption this adds up to about 4-8 ms latency [85].

Another aspect is error correction. Error correction is necessary when sending data that needs to
arrive without small errors (on bit level). Using TCP/IP, verification of the data is performed. This
however requires a slightly higher data rate for checksums and retransmitted data and produces extra
latency. An extra delay of 1 ms is accounted for [85].

Furthermore, there will be a delay resulting from the difference in time of the moment that parameters
to be send are calculated and gathered, and the actual moment of transmitting these. This latency largely
depends on the computational power of the aircraft, still the computational power can be considered
sufficiently enough to have a maximum of 10 ms latency.

Transmitting live video footage is bandwidth expensive and may congest the network or slow down
other operations. For this reason, the video footage is encoded before it is sent to the OCC. Several
encodings can be used and are currently being developed. It is expected that in 2035 even more optimal
techniques exists. Still, using current techniques, a good prediction can be made for the highest latencies
possible. Using the latest HEVC/H.265 encoding, an encoding speed of 392 fps can be achieved for videos
with a resolution of 1920 by 1080 pixels (1080p) [86]. Assuming a video frame rate of 50 fps, 5 frames
have to be encoded during the 100ms latency, resulting in an extra latency of 13 ms. On the ground,
the video feed has to be decoded. This decoding happens with 720 frames per second [87], resulting in
an extra latency of 7 ms. The total extra latency, consisting of both encoding and decoding, is 20 ms.

To make sure the ModuLR is able to land without extra workload or degradation in effectiveness,
the maximum latency is aimed to be 100 ms. With this latency, the aircraft is still able to be operated
safely. Combining all previous parts of the latency budgets in Tab. 8.2, it can be seen that from the 100
ms allowed latency, 61 ms latency is left for transportation of the signals.

Table 8.2: Latency budget

Aspect Latency

Encryption & Decryption 8 ms
Error correction 1 ms
Computational time 10 ms
Encoding & Decoding 20 ms
Transportation 61 ms
Allowed nominal latency 100 ms

To allow for a high bandwidth and low latency during landing and take-off operations, 5G is considered
as the primary mode of connection during these phases. It is to support a round trip latency of 1-4 ms
[88]. Using the Ultra Reliable Communication (URC) mode, these low latencies can even be achieved
while the 5G antenna handles a larger amount of users. Instead of suddenly unavailability of the service,
performance gradually declines as more users are connected with the 5G antenna [89]. In these cases, it
might prove advantageous to stream video footage using another data link as video footage requires the
highest bandwidth. The 5G URC mode is also compatible with the ability to transport haptic data to
the OCC [88] in case of a manual landing. Using this haptic data, the pilot will be able to perform the
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landing better as the operation is better simulated.

After removing the 4 ms latency required by 5G, 57 ms remain to be used for landline transportation
of signals between OCCs and 5G antenna’s nearby airports. Of this 57 ms, 22 ms can be accounted for
routing and switching latencies, queuing and buffering latencies and serialization delay. Data can travel
with a velocity factor of about 40% to 80% of the speed of light through copper wire and a velocity
factor of about 70% through fiber optic cables [90]. When a velocity factor of 60% is assumed and the
remaining 35 ms propagation delay is allowed, a round trip distance of 3150 km can be achieved. Since
most of the time the data lines are not in a straight line, the actual distance that needs to be traveled is
longer. When using a safety factor of 25%, the round trip distance is reduced to 2350 km. This distance
defines the number of OCCs required for worldwide coverage. In Fig. 8.3 all sixteen OCCs including
their 2350 km range are displayed on the world map.

Figure 8.3: Locations of the 16 Operation Control Centers (OCCs), each having a range of 2350 km.

8.4 Unmanned Control System
A robust and reliable control system is required for safe autonomous air travel in unsegregated airspace.
The unmanned aspect is mainly desired for possible cost reduction with respect to required personnel
and streamlined operations. Although, this might be offset by higher system complexity which is highly
dependent on near future technological advancements. For the ModuLR, four levels of autonomy to be
used at various stages are proposed is sub-section 8.4.1.

8.4.1 Level of autonomy
Four levels of autonomy are considered in accordance with terminology set by the US National Institute
of Standards and Technology [91].

• Fully Autonomous: No human interaction is involved in the unmanned system (UMS) performing
its assigned mission while also being able to adapt to changing environmental conditions;

• Semi-autonomous: Some level of human interaction is required although the UMS operates au-
tonomously in between these interactions;

• Teleoperation: A human operator controls the UMS from a remote location either directly or with
intermittent inputs based on continuous sensory feedback;

• Remote Control: The UMS relies on continuous control input form a human operator in direct
observation.
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Based on the flight phases, presented in section 8.4.2, fully autonomous operation is desired during
the departure and cruise phase, with the possibility of multiple aircraft per operator further into the
future. Although this might prove to be a challenge. Taking Global Hawk UAV operations used to
gather meteorological data of hurricanes2 as an example, the workload was described as being close to
that of manned operations, presumably in part due to the UAV not having sufficient collision avoidance
and sense and detect systems. This is often said to be less of a burden for high altitude cruising UAVs
where air traffic is sparser, something which will not be the case for the ModuLR with a lower cruise
altitude at around 20000 feet. Therefore, the allowable level of autonomy will depend on requirements
set by aviation authorities and available command and control, sense and avoid technologies along with
independent decision making.

8.4.2 Flight Phase
A typical mission is assumed to comprise of the following eight flight phases, each with their own
requirements. Common for most of these are three safety layers of collision avoidance ash shown in Fig.
8.4. ATC control for overall traffic management, Traffic Advisory and Resolution equipment for both
situational awareness and coordination. And finally, Sense and Avoid equipment at close-in encounters.

Figure 8.4: Simplified depiction of three layers of collision avoidance aspects.

Pre-flight, taxi and post-flight

• Pre-flight and Post-flight phases are primarily handled by the responsible technician, with the
addition of the remote operator when closer to start-up/shutdown according to requirement RUCA-
T-OPS-CT-1. A Portable Maintenance Aide (rugged laptop connected to the aircraft) will be used
by the responsible technician for system test and diagnostics, task scheduling and maintenance
manual library. Some time before take-off, the connection is handed over to the remote operator,
which then initiates the start-up in coordination with the technician;

• Taxiing between the parking area and runway threshold will either be handled in a semi-autonomous
or teleoperated manner. The former being with the use of ATC clearance and GPS coordinates
and/or image recognition software building on today’s advancements in autonomously driving
vehicles. Currently, ATC clearance is gained verbally over radio, which would add to the workload
of the remote operator. The ModuLR will seek to make use of future ATC data link functionality
such as D-Taxi which is one of the FANS & ATN-B2 CPDLC functions under the Single European
Sky ATM Research (SESAR) [92] program aimed at reducing required ATC voice interactions.
In the case of unreliable GPS coordinates or high-risk ground traffic or weather conditions, the
operator will take direct control using several cameras and ATC communications for situational
awareness, augmented by ADS-B [93]. The cameras will be nightvison capable to provide equivalent
vision during night time in accordance with requirement RUCA-T-OPS-FO-4 and RUCA-T-OPS-
FO-3.

Take-off and Departure

• Automatic Take-off and Landing Capability (ATLC) software3 will be utilized by the ModuLR to-
gether with autopilot flight director input and a Full Authority Digital Engine Controller (FADEC)
autothrottle function. The Position will be provided by INS/Differential GPS and airport coor-
dinate data. As the latency is acceptable, as explained in section 8.3, take-off can also be done
manually by the remote operator. Especially since he was also already in control a moment earlier
when initiating the mission;

2https://www.nasa.gov/mission pages/hurricanes/missions/hs3/news/pilot-challenges.html, visited on June 18, 2017
3http://www.ga.com/dhs-fields-new-automatic-takeoff-and-landing-capability-for-predator-b-fleet, visited on June 18,

2017
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• Departure clearance from the ATC according to the flight plan will be handled by future Controller
Pilot Data Link Communication Departure Clearance Service (CPDLC DCL). Here, clearance and
revising of departure plans are streamlined without the need for voice communication with ATC
[94];

• ADS-B, TCAS-II and Airborne Sense and Avoid Radar (ABSAA) Radar provide situational aware-
ness and collision avoidance.

Cruise

• The cruise phase will be handled by the aircraft’s fully autonomous mode, which will follow the
pre-uploaded flight plan. Amendments can made based on OCC, ATC, weather reporting, or safety
systems input. Fully autonomous, in this case, includes freedom to independently adjust the flight
path within certain limits without notifying the OCC. The limits will be optimized over time with
respect to operational efficiency and safety. The operator will be notified if any required decision,
action or situation will exceed these limits;

• ATC coordination will be automatic through either FANS 1/A or ATN CPDLC, depending on
operating area, for traffic advisory and flight plan adjustments;

• ADS-B IN/OUT will provide situational awareness;

• ABSAA will provide Sense and Detect capability equivalent to that of a pilot’s see and detect
ability. ABSAA Radar will work in tandem with TCAS-II in suggesting vertical and horizontal
separation maneuvers to the control system.

Approach and Landing

• Approach and pattern hold will be done semi-autonomously in cooperation with ATC. A future
ADS-B Ground based Interval Spacing Management function will be implemented where ATC can
define a spacing to be achieved and maintained by the flight control system with respect to a target
aircraft4;

• Landing will be done using ATLC software for autonomous control and ILS CAT II/III, Differential
GPS, and radar altimeter for guidance in accordance with requirement RUCA-T-OPS-CT-6.

8.4.3 UAS Control Architecture
This section presents the proposed architecture of the unmanned control system residing within the
aircraft in order to comply with requirement RUCA-T-OPS-CT-2. The architecture is in part influenced
by the reports ”Multi-Layer Control Architecture for Unmanned Aerial Vehicles” by J.D. Boskovic [95]
and ”Multiple-Scenario Unmanned Aerial System Control” by C.M. Eaton [96]. Fig. 8.5 presents a block
diagram with the four main system management blocks which are further detailed in this sub-section.
During semi-autonomous and teleoperated control modes, the decision module has less authority and the
OCC must manually issue certain commands to the ModuLR. Remote control is always available as a
manual override in accordance with requirement RUCA-T-OPS-CT-3. Maintenance personnel have full
authority during maintenance.

Mission management block

The mission management block handles and distributes all pre-planned data such as flight plans, mission
statements, priorities and optimal trajectories for varying parameters such as fuel efficiency or travel
time. These can be uploaded either wireless or through a data cartridge inserted by a technician during
pre-flight.

• The flight plan block receives and stores all the waypoints for the coming mission and transfers
these to the path determination block as needed. These can also be updated mid-fight by either
the OCC, ATC or the system itself depending on the situation. Pre-planned trajectories might
be calculated beforehand and stored providing a database for optimized performance with respect
to fuel consumption, flight time or sentimental risk, which can be followed if no alterations are
needed.

4https://www.faa.gov/nextgen/programs/adsb/pilot/ima/, visited on June 19, 2017
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Figure 8.5: Simplified block diagram of the unmanned control system architecture with four main man-
agement blocks. Interconnection are shown as arrows along with what type of data is sent.

Communication management block
The communications management block consists of all subsystems used to establish a secure communi-
cations link with either ATC or OCC and the gathering and transmission of system status and current
intent. This block, together with systems detailed in section 8.3, is in accordance with requirements
RUCA-T-OPS-CM-2 and -3. Additionally, together with various proposed CPDLC functions mentioned
in sub-section 8.4.2, this also complies with requirement RUCA-C-LEG-4.

• The status, planning and intent Block gathers all relevant data that is required for OCC and ATC
to get a clear understanding of the current status and position along with intended future actions
of the aircraft, also assuring compliance with requirement RUCA-T-OPS-CM-1. This will allow
operators to plan ahead and prepare changes to the flight plan or mission objectives;

• The transmit/receive subsystem contains all systems required to reliably and securely transfer
encrypted commands and control signals along with status updates between the aircraft, OCC and
ATC. Essential components are redundant.

Safety management block
The safety management system includes collision and weather avoidance, geo-fence mapping, flight ter-
mination/recovery and automatic fault procedures. Flight termination/recovery modes are described
in further detail in subsection 8.4.4. By including safety management the design meets requirement
RUCA-T-NOM-RL-1.

• The collision avoidance is an essential block in integrating the ModuLR into non-segregated airspace
and complying with requirement RUCA-T-OPS-CT-5. Collision avoidance through ATC coordi-
nation, traffic advisory technology and sense and detect ability must be equivalent to a manned
aircraft pilot’s see and detect ability. According to a FAA Advisory Circular, ”Pilot’s Role in
Collision Avoidance”, it is stated that “when weather conditions permit, regardless of whether the
operation is conducted under instrument flight rules or visual flight rules, each person operating
an aircraft shall maintain vigilance so as to see and avoid other aircraft”, along with “Maintaining
Vigilance: Traffic information equipment does not relieve a pilot’s responsibility to see and avoid
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other aircraft” [97]. Three systems are proposed and used as explained in subsection 8.4.2, ADS-B,
TCAS-II and ABSAA radar. The latter especially useful as it provides detection of non-cooperating
general aviation aircraft. And using Actively Scanned Array technology, such as customizable cer-
tified radar module can be as light as 30 kg [98]. The Collision avoidance block also continuously
evaluates the risk of air or ground impact and forwards this to the decision module;

• Geo-fence and weather status functions can modify the boundary conditions in the path determina-
tion block. Geo-fencing would be a database defining restricted airspace, such as military airspace
or areas with population densities higher than what the ModuLR at the time might be certified
to operate over. The weather block would evaluate whether conditions are within safe limits, both
current and en-route, in compliance with requirement RUCA-T-OPS-CT-4.

Vehicle management block
Vehicle management is the most comprehensive segment handling the operation and monitoring of the
aircraft. It is interconnected with the three other segments through an Integrated Mission Management
Computer (IMMC) [99]. The vehicle segment includes function blocks for flight path determination,
system health monitoring, decision making and subsystem control.

• The path determination function calculates the flight trajectory with primary input from the pre-
uploaded flight plan and optimized trajectories. The calculated optimum trajectory in between
these waypoints is limited by achievable performance, which is both based on subsystem status
(remaining fuel or potential faults) and addition operational limits set by the manufacturer and
operator. Additional inputs come from the decision module and flight termination/recovery func-
tions (safe recovery zones).

Path determination might be one of the functions more susceptible to slow technological advance-
ments. Creating efficient and deterministic algorithms for optimal trajectory calculation between
coordinates, including the option of avoiding certain areas and moving objects, has been an ongoing
process. However, it has been a difficult problem to solve mathematically due to a high number of
feasible solutions, dimensions and constraints [100]. It must be noted that the field has seen more
activity in recent years due to increased interest in autonomous control [96]. Another shortcoming
is that much of the UAS path determination research up until now did not accurately take into
consideration actual vehicle dynamics, but point-mass simplifications were for example used.

Figure 8.6: Simplified outline of path determination and decision making. The largest sector(blue)
defines available envelope for trajectory determination (black line with waitpoints). Restricted sector
from Geo-fencing (green) is depicted around a populated area. High risk areas (red) are made around
threats and weather, circumvented by path rerouting (dashed black line original path).

In case proper path determination algorithms are not sufficiently developed, this function can
instead be handled manually by the operator and/or ATC. This process is similar to current
unmanned operations. Although, still with some reduced workload as the safety management
block can handle unexpected situations while at the same time notifying the operator. Which
means he does not have to sit at the ready most of the flight with the system assuring enough time
to assess the situation;

• Prioritization of mission success or vehicle safety and survivability (also accounting for external
actors) is continuously evaluated by the decision module. This evaluation is performed based on
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inputs from the safety management system, mission priorities, and the vehicle status (from a fault
detection and identification function). If continued normal operation is decided against, either
evasive maneuvers are activated in the path determination module or the termination/recovery
function is initiated. The operator is notified through the status, planning and intent block;

• The fault detection and isolation block continuously monitors a wide variety of system parameters
such as fluid levels and temperatures, electric generator power output and frequency, engine gas
temperatures and pressure ratios, and downlink quality with the OCC. These are then used as
limits on the available performance. These limits are used for path determination and as part of
the evaluation don’ts in the decision module. Here, it is decided whether to continue or abort the
mission. Any detected system faults are transmitted to the OCC and the operator is notified. This
block also stores and submits any occurrences during flight and transfers them to the maintenance
and operations center post-flight.

8.4.4 Flight Termination and Recovery modes
In order to mitigate potential damage due to loss of control link, emergency modes can be initiated by the
decision module. Four main emergency modes, described in Tab. 8.3. The emergency modes presuppose
connection loss with both OCC and ATC, because either should be able to oversee a safe recovery by
themselves. Whether it is a lost connection with OCC, in which case ATC is granted increased control
authority. Or a broken CPDLC link, in which case OCC can manually coordinate with ATC over an
alternate communication line. In both cases, an alternate connection path is always attempted to rule
out any faults in ground hardware and control can always be restored in case of a recovered link. Up-
to-date emergency landing zones along any pre-planned route will be stored in a database within the
aircraft and ATC is responsible for separating other traffic from an unresponsive ModuLR.

The selection of a suitable runway is based on last known air and ground traffic density, less is
preferable, if within range. When an emergency landing is initiated, ADS-B provides separation from
aircraft which are at a later stage of landing while other en-route aircraft are rerouted by ATC, similar
to normal emergency situations. A decision will have to be made on whether it is preferable to stay in
some holding pattern, in case the link might be reestablished and to provide more time for response crew,
or to immediately initiate the emergency landing. The former might be preferable in areas of very low
traffic, while the latter might be preferable to minimize disruption of normal traffic by a non-cooperating
holding aircraft.

8.5 Service Model
A disadvantage of a reconfigurable aircraft is the need of having all the reconfigurable parts. This can
get cost expensive, especially if the operator does not require a large number of aircraft. Would that
be the case, then the operator would be able to mix the reconfigurable parts amongst the aircraft it
owns, which lowers the total reconfigurable parts (per aircraft) required and therefore lowers the costs.
Another significant downside reconfigurable aircraft is that the operator needs to invest in multiple hubs
around the world where they would reconfigure the aircraft. If the operator once again does not have a
large number of aircraft or a large number of reconfigurable parts, the parts might get swapped around
different hubs and the required parts might not be available.

To overcome these problems, especially for operators requiring a low number of reconfigurable aircraft,
a service model has been developed. In this model, the ModuLR Group takes over several operations
that in the conventional case are handled or subcontracted by the operator.

The first operations the ModuLR Group takes over are the aforementioned reconfigurational operations.
This is implemented by creating several hubs across the world, where every operator has the possibility
to have their aircraft reconfigured. The ModuLR Group sets up these hubs and provides the required
personnel and reconfigurable parts. Since there is now only one party that reconfigures all the ModuLR
aircraft at limited locations, not every aircraft has to come with all reconfigurable parts as a pool is
created where all operators can use reconfigurable parts from. However, a number of fixed parts, mainly
the fuselage, avionics, and landing gear, remain to be bought by the customer. This has the advantage
that the fuselage can be branded (paint etc.) according to the customers need.

The second part of the operations that the ModuLR Group takes over are the maintenance opera-
tions. Since the ModuLR Group takes care and owns all the reconfigurable parts, it will also provide
maintenance for these parts. As this can be done easily while they are stored at the hubs, it significantly
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Table 8.3: Table detailing the conditions for entering a certain flight termination/recovery mode along
with the overall procedure the ModuLR will attempt to follow. Degraded powered flight capability means
altitude can not be sustained, including both high and low sink rates.

Mode Condition Procedure

Immediate
Flight
Termina-
tion

- Lost OCC and ATC link
and no suitable runway avail-
able, vehicle subsystem com-
promised.
- Degraded Powered flight ca-
pability.

1. Asses severity of performance degradation.
2. Determine most suitable emergency land-
ing zone from NAV and map data.
3. Initiate emergency landing procedure min-
imizing kinetic energy on impact as much as
possible. The highest priority is avoiding pop-
ulated areas.

Urgent
Flight
Termina-
tion

- Lost OCC and ATC link and
no suitable runway available.
- Powered/Controlled flight ca-
pable.

1. Determine suitable emergency landing zone
from NAV and map data.
2. Initiate holding pattern within range for set
time or link reestablished.
3. Initiate emergency landing.

Urgent
Flight
Recovery

- Lost OCC and ATC link, ve-
hicle subsystem compromised
- Degraded Powered flight ca-
pability

1. Asses severity of performance degradation.
2. Determine suitable runway based on
achievable flight performance and type of
fault.
3a. If within range, Initiate emergency land-
ing.
3b. If not within range, initiate Immediate
Flight Termination Mode.

Safe Flight
Recovery

- Lost OCC and ATC link, ve-
hicle systems functional
- Powered/Controlled flight ca-
pable

1. Determine suitable runway based on last
known traffic conditions and achievable flight
performance.
2a. If low traffic, initiate pattern hold within
range until set time or link is reestablished.
2b. If high traffic, initiate emergency landing.
2c. If no suitable runway, initiate Urgent
Flight Termination Mode.

saves costs and maintenance burden as the operator can continue flying their aircraft with other parts.
When the aircraft is being reconfigured, the ModuLR Group will also take care of maintenance for the
fixed parts of the aircraft. In this way, overall costs are reduced since maintenance will occur in bulk
and the maintenance crew only has to be trained for the ModuLR as one aircraft type. With this, the
RUCA-T-OPS-MT-1, and the RUCA-T-OPS-MT-2 requirements have been complied with. Operators
would not need to train personnel themselves or invest in capital to allow this maintenance.

The third and last operations part that the ModuLR Group takes over are the flight operations. Since
there are no pilots on board, the aircraft has to be monitored and in some cases directly controlled from
the ground. This requires specially trained personnel, a unique architecture set-up, and a great number
of OCCs around the world as can be read more about in subsection 8.3.2. These reasons, together with
the cost saving potential of providing bulk flight operations to all airliners, make it feasible and attractive
for the ModuLR Group to also perform flight operations.

A graphical overview of how the service model is implemented is shown in Fig. 8.7.
To be able to offer these services, a yearly service subscription fee has to be paid by the customer.

Apart from the service fee, customers pay a one-time purchase fee to obtain the fixed parts. Chapter 11
will go more in depth about the financial aspect of the service model and presents the costs for the fixed
parts and the price of the service fee.
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Figure 8.7: ModuLR service model

8.6 Ground Operations and Logistics
The transport of cargo by the ModuLR is only a part of the entire chain from sender to consignee. To
prevent delays in this entire chain, each part of the chain should be optimized to decrease time delays.
In this section, the handling of cargo with respect to the ModuLR is designed. Then, the turnaround
time, the time needed for the aircraft from arrival till departure from the platform, is calculated for the
three different configurations.

8.6.1 Cargo handling
As mentioned in section 4.2.2, the ModuLR will be designed to be used with ULDs. The benefit with
respect to cargo handling is that the equipment needed for loading and unloading is already present
at airports, meeting requirement RUCA-T-OPS-GH-2. The cargo floor of the ModuLR also has to be
designed for easy cargo handling. As in most aircraft, the cargo floor will be covered with ball transfer
rollers.

To find the total cargo handling equipment weight, the amount and total weight of the system of ball
transfer rollers, the spacing, and weight per roller has to be determined. The spacing is important to
prevent pallets from getting stuck. Since the ModuLR is not limited to the use of half size pallets, also
ULDs with a smaller width or length are considered. The ULD with the smallest width, namely 1.19
m, is the LD22. Considering the possibility of weight imbalance of a ULD and two different directions
in which the ULD can be loaded, a spacing of 0.25 m is chosen in both directions. In that way, always
16 rollers per m2 will support the pallets. With the maximum weight per m2 of the applicable ULDs2,
rounded to 650 kg/m2, the weight per roller is 40.63 kg.

For the ball transfer roller design, the weight per roller is multiplied by a load factor of 1.25 to ensure
that there is no overloading of individual rollers when there is a weight imbalance in the ULD. With a
gravitational acceleration of 9.81 m/s2, the load capacity of an individual roller should be higher than
40.63 ∗ 1.25 ∗ 9.81 = 498 Newtons. From Rexroth [101], the ball transfer unit with a load capacity of 500
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Newtons, ball diameter of 15 mm, and weight of 0.038 kg is chosen and shown in Fig. 8.8. Next to the
rollers on the floor, also rollers on the sides are placed for smooth transfer of the pallet in the length of
the fuselage. This results in a total of 548 rollers placed in the floor and on the sides, with a combined
weight of 548 * 0.038 kg = 21 kg.

Figure 8.8: Ball transfer unit

It is important to safeguard the cargo and weight balance of the aircraft. For securing the cargo, standard
quick lock clamps are used when the half pallets are loaded. In case of other cargo sizes, securing the
cargo can also be done using straps that can be attached on different points in the floor, using rails
embedded in the floor. When using four clamps per pallet and assuming a weight of 5 kg per clamp, the
total weight of the cargo handling equipment is 21 + 8 ∗ 4 ∗ 5 = 181 kg.

Currently, most (cargo) aircraft also use automatic rollers that transfer the ULDs inside the fuselage.
However, installing such systems will increase the weight and cost of the aircraft. Since only 8 half pallets
can be loaded, manual transferring inside the aircraft is considered favorable. From Rexroth [101], the
friction coefficient is found to be 0.0034 using the load factor of the roller. Using the dimensions of
the half pallet combined with the number of rollers per m2 calculated earlier, a total of 60 rollers are
supporting the half pallet. Combined with a maximum load of 2366 kg per half pallet2, the total friction
force is 78.9 N. According to CCOHS5, horizontal pushing force with whole body involved should not
exceed 225 N per person. Although the static friction will be higher, two cargo handlers should be able
to transfer the pallet inside the aircraft.

Finally, the equipment needed on the airport will consist of a container loader or K loader and a
truck with a sufficient amount of dollies to load the ULDs.

8.6.2 Turnaround time
The turnaround time is the time needed between the arrival of an aircraft on the platform and the moment
the aircraft departs again. A short turnaround process can increase the amount of flights that can be
flown within a certain amount of time, and at the same time decrease the cost for occupying the platform
on airports. The turnaround process is shown in Fig. 8.9. It can be seen that the turnaround time is
defined as the time between chocks on and chocks off. In contrast to passenger aircraft, simultaneously
refueling and cargo handling is less of a (risk) problem. Therefore, the total turnaround time of the
aircraft depends on either the time needed for refueling (blue chain) or time needed for cargo unloading
and loading (red chain). Here it is assumed that miscellaneous tasks like paperwork are not the critical
factor.

To calculate the time needed for refueling (RUCA-T-OPS-GH-7), the fuel masses for each configura-
tion as calculated in chapter 5 are used. The time needed for attaching, detaching, and transferring fuel,
is based on the Boeing 747-8 turntime analysis [102]. From this document, it is determined that the time
needed for attaching and detaching the refueling system is 4.5 minutes. Then, using the amount of fuel
and time needed for refueling the 747-8, the refueling rate is determined at 5.1x102 liters per minute.
Since the fuel needed by the configurations is expressed in kilograms, the density for jet fuel A1, 0.804
kilogram per liter [103], is used.

The time needed for cargo handling per configuration is based on the amount of cargo and pallets
needed by each configuration. Since the fuselage does not change between ModuLR configuration, the
cargo handling process is similar. Therefore, a standard time is determined for opening cargo doors and
other preparations. After analyzing cargo operations, the time needed for unloading and loading one half
pallet is established at 1.25 minutes. This short period is deemed to be possible as, since the cargo does
not have to travel fast inside the fuselage, multiple half pallets can be lifted simultaneously by a cargo
loader, and the fastening of half pallets is standardized. The resulting turnaround processes for each
configuration are shown in the Gannt charts in Fig. 8.10. The longest turnaround time, the one for the

5https://www.ccohs.ca/oshanswers/ergonomics/push1.html, visited on June 23, 2017
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Figure 8.9: Turnaround flow diagram

largest configuration, is calculated to be 27 minutes, which is enough to meet the RUCA-T-OPS-GH-6
requirement as well as RUCA-T-OPS-GH-1.

Figure 8.10: Turnaroung time Gannt chart

8.7 Reconfiguration Operations
The most driving requirement of the ModuLR is the ability of being reconfigurable. Currently, aircraft
manufacturers already use a certain way of configuration in the sense of aircraft families. For example,
the different versions of the A380 use additional fuselage parts that are located in front and back of
the wing, as shown in Fig. 8.11a. Also, with the use of Supplemental Type Certificates, as mentioned
earlier in section 8.2, manufacturers are changing the aircraft types by adapting parts and fit them on
the original. However, this changing of parts commonly does not take place during the service life of the
aircraft.

For the ModuLR, the changing of parts has to be optimized since it is a main feature and cannot
take too much time. To make the reconfiguration of the tail, wing, and engine possible, the current
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(a) Different A380 versions (b) Turbofan engine attachment

Figure 8.11: View on the different A380 versions in (a) and the current engine attachment in (b)

connection of a turbofan engine to the wing is used as example because this engine is actually relatively
easy to change. The engine is namely structurally attached to the wing by only a few bolts, depending on
the type of aircraft, as shown in Fig. 8.11b. Next to the relatively fast engine swapping possibilities, the
bolts are also designed to shear when the engine is damaged and causing too high (vibrational) stresses
on the wing to prevent the wing from fatal damage. To conclude, this technique of connecting parts
in the aviation industry using bolts is proven and the amount and size of the bolts can be adapted for
the use in the ModuLR. Another advantage of this technique is that on airports, most of the equipment
necessary for reconfiguration is available as mentioned in RUCA-T-OPS-GH-5

In section 8.5, a service model is be explained. For this section it is important to know that, since
the reconfiguration will be performed in a hangar on one of the hubs of the service provider, the use of
an overhead crane is necessary to lift the different reconfigurable parts up.

8.7.1 Tail reconfiguration operations
The ModuLR concept includes two different tails for its configurations. To ease the operations, the base
of the fuselage and the base of the tail that is connected, including the connection points, are designed
to be of equal shape and size. In other words: on the tail of the fuselage, a so called tail connector is
placed where both the ModuLR-200 and ModuLR-300 tail can be attached to. The base of the -200 and
-300 tail are therefore the same. On the tail connector, multiple bolts are placed for attachment on the
tails.

In Fig. 8.12a, the fuselage with tail connector and the ModuLR-300 tail is shown. In Fig. 8.12b,
the same fuselage with tail connector is shown with the ModuLR-200 tail. The tails are lowered on the
connector and then the bolts are tightened in tension to pull the tail onto the fuselage. In the tail, small
hatches will be placed for accessing these bolts. Depending on the stresses and forces in the connections,
the size and number of bolts should be adapted. The skin is also connected using a small overlap and
quick lock screws. However, this is only an aerodynamic measure, hence no forces and stresses have to
be carried by this connection.

The tail also contains the elevator and rudder which should be connected as well. The first option is to
mount electrical motors driving the control surfaces inside the tail, connected to the fuselage by a power
and signal cable. The second option is to locate the motors in the tail of the fuselage and connect the
rods from the control surfaces in the tail to those motors. A good example is the assembly of gliders
where the control surface rods in the wing can be disconnected when the wings are disassembled for
transport. Another option is to use hydraulic motors in the tail that are connected to the hydraulic
system of the aircraft in the fuselage. During reconfiguration, the tail is lifted by the overhead crane
from the fuselage when the connections are removed. Because the tail basis is the same, the tail can
then be placed on a frame such that it can be moved on ground to the storage facility.
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(a) ModuLR-300 (b) ModuLR-200

Figure 8.12: Reconfiguration of the tail of both the ModuLR-300 (a) and ModuLR-200 (b)

8.7.2 Wing reconfiguration operations
Each configuration of the ModuLR uses a different wing, therefore the entire wing has to be changed.
In contrast to the tail, the different wings are located on different locations on the fuselage and can
therefore not use the same connections. Since the fuselage remains the same, it should be able to be
connected to each of the different wing configurations. Therefore, multiple connection points in the top
of the fuselage have to be made. The length on the fuselage of this connection area is determined by the
most forward and most aft wing position. These fuselage connection points are shown in Fig. 8.13. On
these four connections points per wing (again depending on the stresses and forces in the connections,
the size and number of bolts should be adapted), the center wingbox is connected. Finally, to cover
the entire wing – fuselage connection area, a skin structure which is part of the wing is designed. This
skin structure, or sleeve, covers the area and is connected to the skin using a small overlap and quick
lock screws. The three different center wing structures are shown in Fig. 8.14a, 8.14b, and 8.14c. As
mentioned earlier, each wing will have a part that will cover the connection area of the fuselage. This
can be be seen in Fig. 8.15.

Figure 8.13: Wing connection points on the fuselage

Apart from the tail, more aircraft systems (like control surfaces) have to be connected between the wing
and fuselage. The same connection possibilities mentioned for the tail connection are applicable to the
wing – fuselage connection. These connections are all concentrated on the same location to ease the
reconfiguration. Also, since the distance from the floor to the top of the fuselage is around 2 m, workers
can easily reach all the connections from the inside of the fuselage. This limits the necessity for additional
equipment to reach the connections.

8.7.3 Engine and landing gear reconfiguration operations
The same engines are used for all configurations, only the number of engines differs. The landing gear is
placed underneath the wing and will retract inside the engine nacelle behind the engine.

In section 5.2, the engine was sized to be 3 m long. Furthermore, the landing gear is located at 0.6%
of the local chord. Thus, starting with locating the landing gear of the ModuLR-100, the engine will
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(a) ModuLR-100 wing and fuselage connection (b) ModuLR-200 wing and fuselage connection

(c) ModuLR-300 wing and fuselage connection

Figure 8.14: Wing and fuselage connection for all ModuLR configurations

Figure 8.15: Wing fuselage connections of all wings

extent 1.75 m from the leading edge. To reduce the amount of different parts for each configuration, this
is set as the standard for all configuration so that the engine mounts are universal on all wings.

The results of the three different configurations can be found in Fig. 8.16.

8.7.4 Total reconfiguration operations
As mentioned before, the reconfiguration operations will take place in a hangar of the service provider
(section 8.5) and therefore overhead cranes are used.

The tail will have an attachment point located in the top of the vertical tail above the horizontal
center of gravity to ensure horizontal transport of the tail section. When the crane is connected, the
bolts can be loosened after which the tail can be lifted. For the attachment of the new tail, the reverse
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Figure 8.16: Engine nacelles for ModuLR-100, -200, and -300

procedure is used.

For the quickest operation, the wing including engines is lifted using a frame above the centre wingbox.
Since this also includes the landing gear, the fuselage is temporarily supported at the end of the fuselage.
After the decoupling of the wing and engines, the new wing with other engines is connected to the
fuselage. It is possible to first detach the engines and landing gear if necessary, however it has some
advantages not to do so. Firstly, the reconfiguration will take less time, reducing the aircraft’s downtime.
Secondly, parts that are not used can be maintained while the new parts are in operation so that the
customer loses less time on maintenance. Lastly, the attachment and detachment of the engine and
landing gear is not under time pressure. This results in a more evenly spread workload for the service
provider and avoidance of peaks in the amount of workers. Avoiding a peak in the amount of workers
reduces the number of people a company has to hire, both in costs and experience.

A typical reconfiguration described in this section is visualized in Fig. 8.17.

Figure 8.17: Reconfiguration of the ModuLR-300

8.8 Reliability, Availability, Maintainability, and Safety Char-
acteristics

In this section the reliability, availability, maintainability and safety characteristics of the ModuLR
project are presented.
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8.8.1 Reliability, Availability and Maintainability
For an operator it is desirable that the aircraft has a high availability, or mission readiness, along with a
high reliability for better predictability on future maintenance and number of available aircraft. Therefore
requirements RUCA-T-OPS-MT-1 and 2 are stated to ensure the maintainability of the ModuLR.

Reliability should always be as high possible as it also relates to safety. Availability on the other hand
has more of a financial influence and might be more difficult to predict in part due to reconfigurability
being a relatively untested characteristic. Availability can be improved as wing and engine maintenance
can be done separate from the aircraft, although this depends on the availability of spare parts. In
addition, with the unmanned operations requiring a very software heavy design, both internal aircraft
systems and external support system, can leave it susceptible to program bugs and instabilities. But
then again it can still be better than many current aircraft who’s design is based on several decades old
system architectures which were later added to electronic maintenance management programs, rather
than having been designed around it from the start.

Certain provisions can be made during design to improve the expected reliability and availability of the
ModuLR. A focus can be on keeping the number of parts as low as possible, this reduces complexity both
for maintenance tasks and parts to be keep track of. Analogue mechanisms or sensors can be switched out
for newer electrical or digital components which interface better with diagnostics equipment, reducing
troubleshooting time. Accessibility to line replaceable units should be kept in mind during further design,
when possible for example use quick disconnect fittings.

A reliable electronic logistics management program will be developed which keeps track of the condi-
tion and location of all ModuLR aircraft including all associated parts. A post-flight report is uploaded
to the system after each flight, automatically updating the number of flight hours and cycles allowing for
easier scheduling of maintenance and replacement of parts. Keeps track of all past, current and future
maintenance tasks.

As stated in section 8.5, hangar and base maintenance will be done by the ModuLR Group. This
includes heavier maintenance, which although it happens at longer intervals, requires a higher amount
of man-hours and longer times on the ground. It furthermore typically involves opening up the aircraft
for scheduled inspections of internal components, inspecting for crack throughout the whole structure
or micro cracks in susceptible areas, and replacement of harder to access components past their flight
time/cycles.

Commonly, the operator devises a maintenance schedule which conforms both with aviation authori-
ties and a Maintenance Planning Document (MPD) outlined by the manufacturer. Maintainability and
availability are assumed to improve by having the same organization both defining and conduction the
required maintenance. Allowing flexibility in the grouping of maintenance tasks has shown to improve
availability in the case of the 737NG where airliners were allowed to determine the task composition of
scheduled checks, rather than having to fully conform with the groupings given by a separate manufac-
turer in a Maintenance Planning Document. In this way they could optimize the checks with respect to
their own organizational structure and availability of personnel and resources [104]. The maintenance
program still has to be approved by the appropriate aviation authority.

Line maintenance, including inspections, servicing of fluids/lubricants or lighter maintenance like
switching line replaceable units and system tests, which happen in a per flight, day or weekly basis
will be done by the operators on site. Specialists on the unmanned and reconfigurable aspects will be
stationed at airports where the ModuLR will operate.

8.8.2 Safety Characteristics
Along the chain of designing, manufacturing, testing, and using the ModuLR, safety should be of
paramount importance. Because of this, safety is already discussed in several sections. This subsec-
tion however will globally present the safety characteristics of the ModuLR along all its phases.

Starting out with the design of the ModuLR, it can be seen as a double-edged sword with regard
to safety. On one hand it is safer as there is no pilot on board. A ModuLR crash might damage or
completely destroy cargo, however nobody on board will be killed, as the aircraft does not have any
pilots or passengers aboard. On the other hand however, since the aircraft is remotely controlled it will
be susceptible to hacking. Should the ModuLR get hacked, catastrophic consequences might occur as in
the worst case the aircraft could be used as a guided bomb, potentially causing substantial harm. During
the design phase, this has to be taken into account. Software has to be designed as resistant to hacking
as possible. Extra software features might be implemented to keep the encryption software up to date.
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During manufacturing of the aircraft, much attention has to be paid to safety as well. No manufac-
turing workers should be exposed to dangerous or toxic substances without protection. Manufacturing
and assembly should also adhere to common industry-wide rules and laws. Specially assigned safety
officers must make sure that these rules are being complied with. Should this not be the case, corrective
measures must occur as safety is the number one priority. This also holds for the reconfiguration and
maintenance operations.

During the testing phase, safety principles remain similar. Workers should not get injured and must
adhere to the rules all the time. Furthermore aircraft testing should be done over non populated areas
as much as possible to reduce the chance of lethal hazards.

During flight operations, several safety systems should safeguard the aircraft. Fire detection and
suppression systems are to be installed in accordance with CS-25 and always provided power via the hot
battery bus. Furthermore, all critical systems and functions shall be redundant. As stated in chapter
9 electrical power generation and distribution hardware is made redundant with critical systems having
several power sources. Regarding the fuel system, fuel can be transferred in between tanks in case of
boost pump failure. And for the hydraulic system, although consisting of two separated systems, can
be connected in case of pump or engine failure on one side, still functioning with reduced actuating
speed. The landing gear can be extended without hydraulic power by the use of gravity and over-center
down-lock mechanisms. Additionally, the flight controls all have redundant power supply and control
computers.

In case of signal loss with the OCC and/or ATC, the ModuLR will engage the appropriate flight
termination/recovery mode detailed in subsection 8.4.4. In case the altitude can not be maintained,
harm to people on the ground will be minimized by selecting an emergency landing zone with minimal
population based on a stored database and navigational data.

8.9 Manufacturing, Assembly, and Integration Plan
This chapter will go into more detail on how the aircraft parts are manufactured, assembled, and in-
tegrated. Since the aircraft is reconfigurable, several different wings, tails, and engines have to be
developed. To ensure an efficient use of reconfigurable parts, this plan integrates the production of the
reconfigurable parts with the service model, which has been introduced in section 8.5.

To allow for an optimal production strategy, the aircraft parts are split up in several sections. In this
way, the to-be-assembled parts can be produced in parallel, which increases the production efficiency.
Divisions also enable an easier maintainability, better accessibility during production, and an easier
breakdown for subcontractors [64]. The to be assembled parts will be created in batches by different
subcontractors or, in a few cases, by the ModuLR design group.

The assembly process of the ModuLR is visualized in Fig. 8.18 and consists of one main assembly
line and several subassembly lines. The main assembly line starts out with the assembly of the fuselage,
after which several other parts from the sub assembly lines are added. Three of these subassembly
lines are the lines to make the reconfigurable parts. Depending on the market and customer demands,
independently of the main assembly line, reconfigurable parts as tails, wings and engines can be produced
and transported to hubs to meet customer demands.
To make sure the assembly is performed as optimally as possible, assembly tasks are split up in several
stations that do the same tasks every cycle. The cycle time for every station is the same, therefore the
tasks will be of equal workload [64]. Another aspect of how the entire manufacturing process is optimized
is by embracing the lean manufacturing principle. Using this principle waste is to be eliminated as much
as possible while the process itself is knowledge driven and customer focused. Many methods and tools
are used for this, including but not limited to:

• Production is customer focused and anticipated on the rapidly changing market requirements as
can be seen in Fig. 8.18. An example of this is that the design of reconfigurable parts might change
over time as market demands change;

• Waiting times are reduced by monitoring the workload and by equally balancing this for all stations
on the production line. By using complex models, the usage of the reconfigurable parts by the
customers is estimated as accurately as possible to minimize overproduction and the area required
to store these parts at the reconfiguration hubs;

• The distance to possible subcontractors is seriously taken into account when choosing these sub-
contractors as transportation does not add value to the ModuLR and its reconfigurable parts;
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Figure 8.18: ModuLR assembly process

• For the aircraft parts, the Just-In-Time method (JIT) is applied. This way the parts required for
assembly arrive exactly in time and no buffer is needed. This, however, is close to impossible to
achieve, however substantial effort will be put into reducing the stocks and buffers required.
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8.10 Sustainability
All operations have to be as sustainable as possible. Several methods like lean manufacturing, are already
mentioned in this chapter that support sustainable operations. Moreover, the aircraft will use In-Trail
Procedures, a part of ADS-B, to significantly save fuel. This technique enables reduced separations
between aircraft. Since the aircraft is unmanned, more efficient route planning is also possible, as the
aircraft will be able to plot optimal routes using live weather and traffic information.

For reconfiguration, an advanced model is used for production of reconfigurable parts. In this way
overproduction and spillage of resources is prevented. In general offering bulk maintenance and reconfig-
uration will reduce resources needed, promoting overall sustainability. When hubs are established, they
are placed as close to the customers as possible to reduce emissions. Should the ModuLR be sold to a
great amount of extra customers, extra hubs can be opened, to reduce emissions further.

8.11 Conclusion and Recommendations
The architecture of a unmanned control system was proposed in subsection 8.4.3 that conceptually
provides all higher order functions required for unmanned autonomous flight in unsegregated airspace,
including enough flexibility to adapt to future regulations in accordance with requirement RUCA-C-
LEG-5. Although it was discovered that aspects that would make such a system more autonomous
that current UAV control systems, which are often functionally similar to the autopilots of manned
aircraft, would rely on many technologies at various stages of development. Some distance from actual
integration with commercial airspace. The closest innovation is within sensor fusion of several currently
available traffic advisory and Sense and avoid functions to increase the situational awareness of remote
operators, facilitating a slow gradual integration with national airspace through restricted operations.
The feasibility of the proposed control system is heavily reliant on numerous advancements in the near
future related to intelligent path optimization, decision making, fault detection, air traffic management
and future aviation legislature.

For further research, the more promising projects within these fields of study can be identified to give
an estimate on when such technology would be ready, at the very least on a prototype level. Specific
technologies that augment situational awareness would be a starting point for further research, as these
could provide more tangible results. Furthermore, innovations within air traffic control associated with
SESAR can be investigated in further detail to determine exactly what kind of signal they provide
and whether current hardware can utilize these correctly as control inputs. Additionally, research can
also be done on the concept of adaptable flight control systems that are able to update control system
parameters/gains on the fly to compensate for system faults or damage. This would be to compensate
for the lack of feedback a pilot would usually feel being located in the aircraft.

For the reconfigurability of the ModuLR, it is important to reduce the number of different parts
and connections. Therefore, a tail connector was designed such that the different tails are mounted
in the same way to the fuselage. The benefits of this system will arise during the ground operations,
training of the personnel, and reconfiguration operations. The chances on mistakes will be less preventing
unnecessary damage or injuries under workers.

It is recommended for the further design to investigate the different universal connection options on
operational effectiveness but also on structural forces and stresses. Furthermore, since the subsystems
have to be connected through the tail - fuselage and wing - fuselage connection, also these connections
should be further designed to find the best option for fast connection. These connection then should also
be investigated on forces, stresses and vibrations.
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Chapter 9

System Characteristics and Layout

This section provides a general description of the electric, hydraulic, fuel and environmental control
subsystems of the ModuLR. Fig. 9.2 provides a simplified top view (not to scale) of the layout and
connections between most of the components mentioned in this section.

9.1 Electrical System
Large scale aircraft require reliable power generation and distribution systems and can have several layers
of redundancy depending on the size. Although the total amount of power handled by the electrical
system depends on the aircraft type, most are made up of similar essential components required for
alternating current (AC) and direct current (DC) power generation, distribution, regulation, indication,
and safety. Additionally, it is assumed that the electrical characteristics of systems on the ModuLR are
similar to what is used on most large aircraft: 115V 400Hz AC and 28V DC.

9.1.1 Requirements
Electrical system requirements are given in Certification Specification 25 [70], with some of the high
order general requirements being as follows.

CS25.1351 General
(1)(b) Generating system. The generating system includes electrical power sources, main power buses,

transmission cables, and associated control, regulation, and protective devices. It must be designed
so that (1) Power sources function properly when independent and when connected in combination
and (2) no failure or malfunction of any power source can create a hazard or impair the ability of
remaining sources to supply essential loads;

(d) Operation without normal electrical power, [...] The services to be powered must include (i) Those
required for immediate safety [...], without the need for flight crew action; (ii) Those required for
continued controlled flight; and (iii) Those required for descent, approach and landing.

CS 25.1357 Circuit protective devices
(b) The protective and control devices in the generating system must be designed to de-energize [...]

buses with sufficient rapidity to provide protection from hazardous over-voltage [...].

9.1.2 Power Generation
The general composition of the ModuLR electrical power system is shown in Fig. 9.1 and consists of the
following main components.

AC Power generation
• Generators (GEN 1/2) which provide primary AC power are attached to the accessory drive gearbox

of each main engine (inner mounted) via a constant speed drive (CSD). The generator provides a
115V, 3 phase AC regulated to a frequency of 400 Hz by the CSD. During engine startup, both
main generators instead function as engine starter motors powered by the auxiliary power unit
generator (APU GEN);

• The APU generator can provide power to both AC buses when the engines are not running, whether
it being pre-start up or due to generator faults. Output is a 115V 400Hz AC;

• External Power (EXT PWR) is provided by a Ground Power Unit generating a 115V/200V 400Hz
AC connected through the external power receptacle and monitored by an external power monitor.
This is primarily used during maintenance;

• Emergency Generator (EMERG GEN) is less powerful and powered by a ram air turbine (RAT)
which is extended in the case of AC BUS 1 and 2 failure. Power is provided to both AC and DC
essential buses which power critical systems. Both emergency AC and DC transfer relays (EMERG
AC/DC XFER RELAY) are controlled by a emergency power control unit;
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Figure 9.1: Simplified schematic of the electrical subsystem of the ModuLR. Red connections (in between
generators and TR modules) transfer AC power while blue transfer DC power (remaining system).

• Static Inverter converts the DC output of battery 2 into a 115V 400Hz AC powering the AC
essential bus in the case of AC bus 1 and 2 and emergency generator failures.

DC Power generation
• Transformer Rectifiers (TR 1/2) provide primary DC power by stepping down and rectifying the

115V AC to a 28V DC for the DC buses and battery chargers (BAT 1/2 Charger);

• Main batteries (BAT 1/2) provide 24 V DC for both ground and air start of the APU by powering
the APU GEN which would then work as a starter motor. Additionally, the batteries provide
backup power for the AC and DC essential buses with limited supply. Both batteries are con-
tinuously charged during normal operations. In the case of either primary AC power fault, the
appropriate battery charge control relay will switch and battery control relay will close providing
DC power to the battery bus;

• A Essential Transformer Rectifier (TR ESS) can power the DC essential bus with 28V DC from
either the APU or RAT generators in the case of battery 2 and bus fault.

Power supply redundancy for essential and non-essential systems is assured by all distributing buses
having several power sources. AC buses 1 and 2 are powered by either main generators or the APU
GEN. DC buses 1 and 2 are powered by several generators via the AC buses and TR units. The Battery
bus can be powered by either DC buses or batteries. And finally, both AC and DC essential buses have
4 and 3 power sources respectively.

9.1.3 Circuit Protection
Compliance with the requirements in subsection 9.1.1 will be through the use of various circuit control
units (not shown directly in the block diagram), relays and circuit breakers.

9.1.4 Control Units
• The Generator Control Unit (GCU) regulates and monitors the output of both main generators.

Regulation is done by the GCU adjusting a voltage produced by a permanent magnet section
within the generator before it is fed back, dictating the amount of power generated by exciting
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the main output section of the same generator. The GCU also monitors for under/over voltage
and overcurrent, in which case it will shut the generator down and disconnect it form the AC BUS
by tripping the relevant Bus Power Contactor (BPC 1/2), which is a powerful solenoid actuated
relay. If under/over frequency is detected in the CSD, it will only tip the BPC until the frequency
is within limits again. In both cases a caution is issued to the operators;

• Emergency Generator Control Unit regulated and monitors the output of both the APU generator
and RAT Emergency Generator and controls the APU BPC and emergency AC and DC transfer
relays (EMERG AC/DC XFER RELAY);

• External power monitor only tracks the power provided by a connected Ground Power Unit and
controls its own disconnecting relay. It is automatically disconnected once either of the IDGs come
online.

9.1.5 Circuit Breakers
• Circuit breaker panels (CB PANEL) will be located at each bus, which act as the interface between

the electrical power generating subsystem and any other subsystem utilizing that power, protecting
each connection from excess current caused by faulty regulation or a short circuit due to damage.
Electrical flow to the vulnerable system is immediately discontinued. These can be reset by the
appropriate control unit depending on the system, although it is advised a manual reset is required
only after the cause is determined.

9.1.6 BUS System Distribution
Referring to the requirements in subsection 9.1.1, loss of normal electrical power is assumed to be a loss
of power provided by main generators 1 and 2. If engine power is still available, services mentioned in
the same regulations shall be made possible by assigning each flight critical system a minimum of two
buses. AC and/or DC depending on the nature of the system. Switching to the next available source
will happen automatically (with notification) when a fault is detected, although the operator will have
the option of reverting said switch after having assessed the situation.

9.2 Hydraulic System
The hydraulic system is essential in most larger aircraft providing actuating power for flight control,
landing gear extend/retract and miscellaneous other functions. A hydraulic systems commonly contain
fluid storage, power supply, distribution, indication and actuation functions. Due to reconfigurability,
ModuLR will use a combination of centralized and distributed systems as shown in Fig. 9.2. The
centralized powered system is confined to the wing and associated removable fuselage segment, while
distributed local systems will be used in the nose and tail sections. These only require electrical power
and control connections.

9.2.1 Wing section
Due to reconfigurability it was desired for the wing to house its own conventional centralized system,
dual redundant to assure actuating to power main flight controls. Major components follow the wing
assembly by being located in compartments fore and aft of the main wingbox as shown in Fig. 9.2. Each
system is made up of the following major components including associated piping:

• Pressurized reservoir for fluid storage. Functions include surge dampening from return line pressure
spikes, storing fluid displaced by actuation and thermal expansion and the capture air that might
have entered the system;

• Engine driven high pressure hydraulic pump mounted on the accessory drive gearbox of each engine.
Variable delivery type pumps so as to keep the operating pressure constant irrespective of demand;

• Flight control accumulators for high demand compensation, pressure surge dampening and emer-
gence actuation while the APU comes online to provide limited power via an electric motor driving
the pump of one system;

• Ground servicing and test manifold providing connections for refill and pressurization during main-
tenance;

• Integrated servo actuators for aileron control containing all necessary function such as flight control
system electrical interface, hydraulic system connections for both power and control fluid supply
and a center-and-lock safety mode which improves continued control in case of failure;
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• Main landing gear and compartment door extend/retract actuators along with break assemblies;

• Trailing edge flap actuating hydraulic rotary motor;

9.2.2 Nose and tail sections
These sections will utilize their own self-contained electro hydrostatic actuator (EHSA) systems. These
packages contain all required functions with redundancy. The following functions will be assigned their
own shared EHSA:

• Nose landing gear and compartment extend/retract and nose wheel steering;

• Elevator control and trim;

• Rudder control and trim.

9.3 Fuel subsystem
The primary functions of the fuel system are to store and provide sufficient fuel to all the engines at
all times. The general layout of the fuel system of the ModuLR is shown in Fig. 9.2 consisting of
separated Left and Right systems. Five integral tanks will be used for storage, connected by standpipes
and transfer valves. The inner wing tanks will be drained first, then outer tanks and finally the center
tank. Outer tanks are only drained second as to provide a longer lasting reduction of bending moment
and dampening of flutter. Center of gravity control is not a function as all fuel is located close to it.
Major components are as follows:

• Redundant electrically driven boost pumps for feed, sized for large configuration. Two are sufficient
and left/right fuel systems can be unified by opening x-feed valve if required;

• Inner, outer wing tanks and Center tank all contain baffle plates, to reduce fuel sloshing, and
capacitor based fuel probes indicating the amount of fuel mass left, rather than volume, as this is
a better indication of remaining energy;

• The vent tank compensates for thermal expansion and manages the fuel tank pressurization pro-
vided by the environmental control system (ECS). Contains a tank pressure regulator to all wing
tanks, overpressure vent and negative pressure relief valve. Facilitates fuel feed but also provides
pressure transfer from outer tanks and inwards through transfer valves in case of inner wing tank
pump failures;

• Refueling is done through the Ground Refuel Receptacle. Sequence is center, inner wing then
outer wing tanks though the connecting standpipes. Both outer wing tanks contain float valves
that automatically close the Ground Refuel Receptacle when full;

• Oil to fuel heat exchanger for cooling of hydraulic oil and fuel pre-heating for improved combustion.

9.4 Environmental Control System
The main functions of the Environmental Control System (ECS) is to provide for fuselage and fuel tank
pressurization and cooling of electronic equipment which is necessary to meet requirement RUCA-T-
NOM-CN-3. A simplified layout is shown in Fig. 9.2 with main components being:

• High and low stage compressor bleed air check valves and variable pressure regulator valve extract
and regulate the input air to the ECS system from the compressors of the inner two engines;

• Bootstrap cooling assembly for better capacity and stability [105] over varied flight conditions,
consisting of air cooling compressor/turbine setup and ram air-to-air heat exchangers supplying
the cargo hold with temperature controlled pressurized air and avionic compartments with cooling
air;

• Hot air control valve together with a temperature sensor sets the cooling air temperature by
reintroducing an adjustable amount of hot air into the cooled air provided by the cooling assembly;

• Fuel system pressurization air is extracted after the first heat exchanger and lead to the vent tank;

• Hot air leak detection loops are installed along the hot air ducts from engines to cooling assembly
as this air can reach temperatures up to 600 degrees [105];

• Ground service and test connectors allow for pressurization and cooling for example during fuel or
prolonged avionic system testing.
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Figure 9.2: Simplified layout of hydraulic(blue), fuel(red), ECS(green) and electrical(yellow) sub-systems
of the large configuration of the ModuLR. Systems are listed in the same sequence, from top till bottom,
in the nomenclature table. Fuel tank and component block sizes are not to scale. Some routing is done
outside of the fuselage for clarity. Only fuel, electrical and ECS connections are required between the
fuselage and interchangeable main wing segment.
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Chapter 10

Risk Assessment

This chapter provides an updated assessment on the technical risks involved with the detailed design,
along with a rating on their probability and potential severity. Additionally, a plan mitigating the
identified risks is included in section 10.2.

10.1 Risk Analysis
This section presents an overview of potential risks for the ModuLR. For the analysis of the risk, a table
is generated with the identified risks and their corresponding severity and probability ratings, shown in
Tab. 10.1. Each of these risks belongs to a certain design aspect. Risks 1 to 3 are related to structures,
risks 4 to 7 relate to flight performance, risks 8 to 9 belong to aerodynamics, risk 10 to 17 apply to
control and stability, risks 18 to 25 relate to operations and the remaining are general risks.

The severity is arranged from ”1”, negligible, up to ”5”, which represents a catastrophic event leading
to a big performance degradation. Furthermore, the least likely case is rated as ”1” and the most probable
as ”5”. These numbers are explained in more detail in Tab. 10.2. All the risks are plotted in a risk map,
Fig. 10.1, which shows on one hand the probability of occurrence and on the other, the consequence.
The most critical risks are shown in the top right corner.

Figure 10.1: Technical risk map, including the risk after mitigation (*)
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Table 10.1: Severity and probability for different risk cases

# Case
Probability

(1-5)
Severity

(1-5)

1 The structure/wingbox is not designed for crack propagation 4 5
2 The vibrations of the engine match the system’s natural frequency 1 5
3 The HLD are too large for having a proper wingbox 2 4
4 The engine is not as powerful as determined 2 1
5 The engine is not as fuel efficient as determined 3 1
6 Too much pressure drop in the flow 2 1
7 Noise is higher than expected 3 3
8 The tail generates too much drag 4 2
9 The landing gear pods increases the drag too much 1 2
10 Center of gravity is too much aft and will cause tipover 2 5
11 The connection for the different wings on the fuselage would have to

shift too much along the longitudinal axis to achieve a stable aircraft
4 4

12 The onboard computer is unfamiliar with the phugoid eigenmotion 2 1
13 The onboard computer is unfamiliar with the aperiodic roll eigen-

motion
2 2

14 The onboard computer is unfamiliar with the dutch roll eigenmotion 2 3
15 The onboard computer is unfamiliar with the spiral eigenmotion 2 2
16 The onboard computer is unfamiliar with the short period eigenmo-

tion
2 1

17 The ailerons are too sensitive for cruise speeds 3 2
18 Too many customers will reconfigure their aircraft at the same time 2 4
19 Reconfiguration requires too many resources 3 2
20 Reconfiguration requires too specialized ground personnel 2 4
21 Regulations do not allow for fully autonomous take-off 2 3
22 Regulations do not allow for fully autonomous landing 2 4
23 The aircraft cannot fly at desired level of autonomy due to technical

limitations
3 4

24 Maintenance is more expensive than expected 4 3
25 The aircraft requires more bandwidth than available 3 2
26 Production of aircraft impossible due to manufacturing constraints 2 4
27 Technological advancements progress slower than predicted 3 1
28 Theory of promising technology fails to deliver in practice 3 4
29 Manufacturing is not as sustainable as defined 4 2
30 Big design change have to be made due to unnoticed regulatory needs 2 4

Table 10.2: Explanation of the severity and probability ratings

Rate Severity Probability

1 Negligible <10% occurrence

2 Minor performance degradation 10% - 36%

3 Moderate performance degradation 36% - 66%

4 Significant performance degradation, which may result in project failure 66% - 90%

5 Severe performance degradation, which results in project failure >90% occurrence

10.2 Mitigation Plan
A mitigation plan is set up in this section for the highest-ranking risks, severity · probability of 12 or
higher, located in the red area in the risk map in Fig. 10.1. Preventive measures and contingency
plans are stated underneath for clarification. The following risks are mitigated starting with the most
important one, risk 1 followed by risk 11, risk 23, risk 24, and risk 28. When sticking to these plans, the
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risk map will change. The mitigation results can be seen by the numbers marked with a ’*’ in the risk map.

Risk 1: The structure/wingbox is not designed for crack propagation.
The structure/wingbox should be made out of (different) separated parts, so the crack could not

propagate any further. Furthermore, a safety factor should be included to minimize the likelihood of
occurrence.

Risk 11: The connection for the different wings on the fuselage shouldn’t shift too much along the
longitudinal axis to achieve a stable aircraft.

For each configuration, a scissor plot should be made and combined, making sure all different wings
are approximately at the same location on the fuselage. Introducing movable loads in the cargo hold or
having a tail, which is adjustable in position, could also provide a stable aircraft.

Risk 23: The aircraft cannot fly at the desired level of autonomy due to technical limitations.
The technical and legal challenges associated with autonomous flight should be investigated, listed,

and analyzed in order to ensure the appropriate choice for the level of autonomous flight. The system
should allow for a varying level of autonomous flight, such that it can be decided to switch to a lower or
higher level of autonomy if necessary.

Risk 24: Maintenance is more expensive than expected.
The maintenance costs should be evaluated not only once, but continuously during the design pro-

cess. This should be done using several methods to avoid outliers in costs and to reduce the probability
of unexpected costs. The profitability should be evaluated including these risks to safely estimate the
economic viability.

Risk 28: Theory of promising technology fails to deliver in practice.
No technologies should be used that have not been tested in practice yet. Technologies which have

only been shown to be working in the laboratory should be avoided or investigated with great care to
prevent big differences in expected and true performance. An alternative solution should be worked out
and investigated, in parallel to promising high-risk technologies, such that the problem can be solved by
using the alternative solution if needed.





135 Delft University of Technology20 - Reconfigurable Unmanned Cargo Aircraft

Chapter 11

Financial Analysis

In this section, the ModuLR project is analyzed with respect to finances. This analysis starts out with
the costs which are split into several cost subgroups for the ModuLR group and customer. In the
subsequent sections, the revenues are calculated, a financial forecast is portrayed, and the break-even
point is calculated.

11.1 Cost Analysis
In order to achieve a clear overview of the costs, they are split up into three subgroups: development
costs, production costs, and operational costs. The latter is taken into account for both the customer and
ModuLR Group, and is split up again into reconfiguration costs, flight operations costs and maintenance
costs. An overview of the ModuLR Group cost breakdown can be found in Fig. 11.1.

Figure 11.1: Cost breakdown structure

11.1.1 Development Costs
The development costs are calculated for both the baseline aircraft and all reconfigurable parts using
Roskam [106]. The total development costs are estimated to be e1091M. An overview of the breakdown
of the development costs can be found in Fig. 11.2a.

11.1.2 Production Costs
Using Roskam [106] the production costs are calculated for a batch of 180 aircraft that will be produced
and sold during 10 years . It is assumed that for these 180 aircraft, each of the three configurations is
equally used. Furthermore, to allow for reconfiguration, an extra 60 wings of each reconfiguration, 100
engines, 60 tails of the ModuLR-300 version, and 30 tails of the -200 and -100 variants are produced.
However, when the customers are known, better predictions can be made resulting in a lower required
inventory for the reconfigurable parts and hence a lower production costs. Fig. 11.2b gives an overview
of the production costs components.
The total costs for the 180 aircraft, including the extra reconfigurational parts, is estimated to be e4.5B.
The total production costs per aircraft are e25M. When looking at the baseline version and removing
the costs for the extra reconfigurable parts, the costs are e17.3M. Since this is lower than the required
e25M, the RUCA-C-ECO-1 requirement is met.

11.1.3 Operational Costs
The operational costs are split into two parts: the ModuLR Group operational costs and customer op-
erational costs. The ModuLR Group acts not only as the aircraft developer, but also as the service
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(a) Development costs (b) Production costs

Figure 11.2: Development and production cost, respectively

provider. This has been further elaborated on in section 8.5.

(a) ModuLR Group operational costs (b) Customer operational costs

Figure 11.3: Operational costs

ModuLR Group operational costs
In Fig. 11.3a, an overview is given for the ModuLR Group operational costs. These are split into three
parts: operational costs for reconfiguration, flight operations costs, and maintenance costs. When all
these costs are combined, the yearly operating cost per aircraft is estimated to be about e1.6M. In Fig.
11.4, these three cost parts are specified in more detail.

(a) Maintenance costs (b) Flight operations costs (c) Reconfigurable operations costs

Figure 11.4: Specifications operational costs ModuLR Group

Looking at the flight operations costs, displayed in Fig. 11.4b, the main contributor is communications.
It is assumed that during the cruise, a minimum bitrate of 10 kilobytes per second is required and that
the aircraft uses a satellite connection during half the operating time. Using the current price per MB
for satellite internet connections [107], the communications costs can be calculated for this connection.
Ground control costs have been estimated mainly using pilot costs. It is assumed that during cruise, each
pilot can monitor 20 aircraft and during take-off, landing, and taxiing (TOLT) each pilot can handle
only one aircraft. Combining these numbers with average pilot salaries, 1000 flight hours per pilot per
year [108] and the average cruise hours and number of TOLT operations, the ground control costs are
estimated.
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The operations costs for reconfiguration contain all the costs needed to reconfigure the ModuLR. These
include, but are not limited to, labor costs needed to remove and add configurable parts, hub storage
costs to store the reconfigurable items, and hangar renting prices to accommodate these operations. It
is assumed that on average, every ModuLR aircraft will be reconfigured once a month. Furthermore,
the average aircraft maintenance technician wages, airport ground prices and hangar renting prices have
been used to estimate the reconfigurable operations costs.

Customer operational costs
Despite the fact that the ModuLR Group takes care for several parts of operational costs, a large sum is
still left for the customer. In Fig. 11.3b, the cost breakdown for customer operational costs is shown. The
use of the ModuLR requires a yearly service fee to be paid to the ModuLR Group. This subscription
fee covers the operational, reconfiguration and maintenance costs and also includes an extra margin
to account for development and production costs. This service fee is the largest part of the customer
operational costs and amounts e5M per year per aircraft. Another big part of the customer operational
costs is of course the fuel and oil costs. Depreciation is only taken into account for the fuselage, avionics
and landing gear since the rest of the aircraft consists of reconfigurable parts that are being rented. The
maintenance costs have been included in the operational costs for the ModuLR group since they take
care of this. When the total costs are normalized with respect to payload and range, the operational
cost per ton-mile is $0.57. This is 8% lower than the current cost per ton-mile for air cargo which is
estimated to be $0.618 [2] corrected for inflation. Making the system compatible with the market meeting
requirement RUCA-C-ECO-2

11.2 Financial Forecast
To be able to make the ModuLR a better market compatible aircraft, the operational costs per ton
mile should be equal or lower than the current market average costs per ton mile. To achieve this, the
subscription service fee and one-time fixed parts price are optimized since they directly influence the
customer operational costs as can be seen in Fig. 11.3b. Aside of the market compatibility, the ModuLR
should also prove to be profitable with a break-even point (BEP) not too late.

It has been found that using a one-time fixed parts price of e20M and a service fee of e5M per year,
the ModuLR is, in terms of operational costs, market compatible, as described in subsection 11.1.3. To
have an estimation whether the ModuLR will be profitable (RUCA-C-ECO-3), a financial forecast is
created using the estimated costs and prices. This forecast is illustrated in Fig. 11.5.

Figure 11.5: Financial forecast

From this figure it can be estimated that the ModuLR project will break-even around 2043. This will
be 26 years after the development of the aircraft has begun. Depending on market demand, production
rate might differ which will impact break-even time and return on investment. A proper price elasticity
analysis will have to be done to find the optimum subscription service fee and fuselage & avionics price.
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Chapter 12

Compliance

Throughout the design process, all subsystems and the final design need to adhere to the requirements.
This chapter presents an overview of all the system and subsystem requirements used during the design
process. The requirements can be found in Tab. 12.1, where the requirements are written down with
their unique identifiers. In the section column, the sections of the report where the requirement is treated
are described. In their corresponding sections an explanation is provided of how the requirement is met
by the design, or when not met a reason is provided.

Table 12.1: Requirement compliance matrix

Identifier Requirement Section
Compli-
ance

RUCA-T-REC The system shall be reconfigurable 8.7

RUCA-T-REC-AC-1
A reconfigured version of the system
shall have a cargo volume of 10 m3 4.2.2

RUCA-T-REC-AC-2
A reconfigured version of the system
shall have a cargo volume of 40 m3 4.2.2

RUCA-T-REC-AC-3
A reconfigured version of the system
shall have a payload of 1000 kg

4.2.2

RUCA-T-REC-AC-4
A reconfigured version of the system
shall have a payload of 10000 kg

4.2.2

RUCA-T-REC-AP-1
A reconfigured version of the system
shall have a maximum runway length
of 3000 ft

5.3

RUCA-T-REC-AP-2
A reconfigured version of the system
shall have a maximum runway length
of 10000 ft

5.3

RUCA-T-REC-AP-3
A reconfigured version of the system
shall have a minimum range of 1000
nautical miles

5.3

RUCA-T-REC-AP-4
A reconfigured version of the system
shall have a minimum range of 4000
nautical miles

5.3

RUCA-T-OPS-MT-1
The system shall be maintained as one
aircraft type

8.5

RUCA-T-OPS-MT-2
All critical components shall be
accessible for maintenance

8.5

RUCA-T-OPS-GH-1
The system shall have a loading time
per unit volume at least equally fast as
a Boeing 747-400 F

8.6.2

RUCA-T-OPS-GH-2
Cargo shall be loaded with equipment
currently available at airports

8.6.1

RUCA-T-OPS-GH-3
Cargo shall be unloaded with
equipment currently available at
airports

8.6.1

RUCA-T-OPS-GH-4
Cargo hold shall be accessible for
customs

4.2.2
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Identifier Requirement Section
Compli-
ance

RUCA-T-OPS-GH-5
The system shall be reconfigurable
using typical available aviation
equipment

8.7

RUCA-T-OPS-GH-6
The system shall have a turn around
time of less than 2 hours

8.6.2

RUCA-T-OPS-GH-7
The system shall allow for refueling
operations

8.6.2

RUCA-T-OPS-CT-1
The system shall be directly controlled
on the ground

8.4.2

RUCA-T-OPS-CT-2
The system shall be autonomously
controllable in air

6.4, 6.5,
8.4.3

RUCA-T-OPS-CT-3
The system shall have a manual
override

8.4.3

RUCA-T-OPS-CT-4
The system shall be able to react to
bad weather

6.5, 8.4.3

RUCA-T-OPS-CT-5
The system shall be able to react to
other air traffic

6.5, 8.4.3

RUCA-T-OPS-CT-6
The system shall be able to land using
existing landing system infrastructure

6.5, 8.4.2

RUCA-T-OPS-CM-1
The system shall be allow the location
of the cargo to be monitorable during
all mission phases

8.4.3

RUCA-T-OPS-CM-2
The system shall allow data
communication

8.4.3

RUCA-T-OPS-CM-3
The system shall allow the monitoring
of flight performance

8.4.3

RUCA-T-OPS-FO-1
The system shall be able to operate on
continental routes

5.3

RUCA-T-OPS-FO-2
The system shall be able to operate on
intercontinental routes

5.3

RUCA-T-OPS-FO-3
The system shall be able to operate
during day time

8.4.2

RUCA-T-OPS-FO-4
The system shall be able to operate
during night time

8.4.2

RUCA-T-NOM-CN-1
The baseline version of the system
shall have a payload of min 5000 kg

5.3

RUCA-T-NOM-CN-2
The baseline version of the system
shall have a cargo volume of min 25
m3

4.2.2

RUCA-T-NOM-CN-3
The system shall include a climate
controlled environment

9.4

RUCA-T-NOM-PN-1
The baseline version of the system
shall have a runway length of
maximum 8000ft

5.3
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Identifier Requirement Section
Compli-
ance

RUCA-T-NOM-PN-2
The baseline version of the system
shall have a range of at least 2000
nautical miles

5.3

RUCA-T-NOM-PN-3
The system shall have a fuel
consumption per FTK which is 50%
less than that of a Boeing 747-400F

5.3 X

RUCA-T-NOM-PN-4
The MTOW of the system shall be
compliant with runway characteristics

5.3

RUCA-T-NOM-RL-1
The system shall contain emergency
systems

8.4.3

RUCA-C-ECO-1
The production costs of the baseline
version shall not exceed 25 million euro

11.1.2

RUCA-C-ECO-2
The purchase price shall be compatible
with the market

11.1.3

RUCA-C-ECO-3
The system shall have a profitable
return on investment

11.2

RUCA-C-SDL-1 The system shall be operable by 2035 13

RUCA-C-LEG-1
The system shall comply with ICAO
aircraft approach category C

6.1

RUCA-C-LEG-2
The system shall comply with ICAO
chapter IV noise standards

5.3 X

RUCA-C-LEG-3
The system shall comply with EASA
CS-25 certification standards

5.3 X

RUCA-C-LEG-4
The system shall adhere to air traffic
control commands

6.5, 8.4.2

RUCA-C-LEG-5
The system shall be adaptable to
future regulatory changes with respect
to autonomous flight

8.11

RUCA-C-ENV-1
The 55dB SEL contour shall be 25%
smaller than that of a Fokker 50

5.3 X

RUCA-C-ENV-2
The CO2 emission per FTK shall be
reduced by 50% compared to that of a
Boeing 747-400F

5.3 X

RUCA-C-ENV-3
The NOx emission per FTK shall be
reduced by 50% compared to that of a
Boeing 747-400F

5.3 X

RUCA-T-FPP-P-1
The power subsystem shall have a
maximum power of 2745kW

5.3

RUCA-T-ACS-W-1
The wings shall have a wing loading of
3931, 4511, 4587 N

m2 for the ModuLR
-100,-200, and -300 respectively

6.1 X

RUCA-T-ACS-W-2

The wings shall be able to provide 210,
327, and 633 kN of lift during nominal
flight operation for the ModuLR -100,
-200, and -300 respectively

6.1

RUCA-T-ACS-W-3 The wings shall be reconfigurable 6.1

RUCA-T-ACS-W-4
The wings shall be able to provide a
lift coefficient of at least 1.2 in clean
configuration

6.1

RUCA-T-ACS-W-5

The wings shall have a stall speed of
max 65, 70 and 70 m/s in clean
configuration for the ModuLR -100,
-200, -300 respectively

6.1

RUCA-T-ACS-W-6
No transonic/supersonic speeds shall
occur on any point of the wings during
nominal flight

6.1
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Identifier Requirement Section
Compli-
ance

RUCA-T-ACS-T-1
The system shall maintain directional
trim in level flight with the landing
gear and flaps retracted

6.4

RUCA-T-ACS-T-2
The system shall maintain longitudinal
trim in level flight with the landing
gear and flaps retracted

6.4, 6.6

RUCA-T-ACS-T-3
The system shall be controllable in one
engine inoperative situation

6.4, 6.6

RUCA-T-ACS-CS-1
The ModuLR-100 system variant shall
be able to achieve a bank angle of 45◦

in 1.4s during all flight phases [60]
6.5

RUCA-T-ACS-CS-2

The ModuLR-200 and -300 system
variant shall be able to achieve a bank
angle of 30◦ in 1.5s during all flight
phases [60]

6.5

RUCA-T-ACS-CS-3
All ModuLR system variants shall not
exceed 30◦ control surface deflections
[52]

6.5

RUCA-T-ACS-CS-4

All ModuLR system variants shall be
able to maintain longitudinal trim
during cruise for flight speeds between
at least VS and VC [52]

6.5

RUCA-T-ACS-CS-5

All ModuLR systems shall be able to
maintain a sideslip angle of 0◦ in a one
engine inoperative situation, in the
cruise and landing/take-off flight
phases [52] [61]

6.5

RUCA-T-ACS-CS-6

All ModuLR systems shall be
directionally controllable in a one
engine inoperative situation, at a
minumum control speed not greater
than (VMC = 1.13VS)a

6.5

RUCA-T-ACS-CS-7
All actuator systems shall have a
stroke length of existing actuators

6.5

RUCA-T-ACS-CS-8
All actuator systems shall be operable
within existing actuator force limits

6.5

ahttps://www.law.cornell.edu/cfr/text/14/25.149, visited on June 14, 2017
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Chapter 13

Project Design & Development
Logic

The ModuLR is scheduled to be in production starting in 2035, according to the requirement RUCA-C-
SDL-1. In this chapter, the procedures starting from the current point until the production phase will
be described in the Project Design and Development logic (PD&D). The phases that will follow are the
detailed design, development, and the post development phase [109].

At this stage, the detailed design phase of the ModuLR has started with the first design of subsystems
described in this report. The next step will be a more thorough design of all subsystems and components
and their interrelations. The design can be modeled such that Computational Fluid Dynamics (CFD)
and Finite Element Method (FEM) can be performed. Also, scaled models of the design will be tested
in, for example, wing tunnels. The final result will be a complete detailed design of the ModuLR.

The next step is called the development phase, in which the design will be produced and full scale
testing for certification will take place. In this development phase, the manufacturing process will be
assessed and improved if and where necessary. The testing shall start with ground tests, followed by the
maiden flight. The maiden flight will be a milestone in the development process after which more intense
flights tests will commence for the final certification. The ModuLR will undertake a high number of test
flights, since it is an unmanned aircraft, and it consists of reconfigurable parts which have to be tested
individually for the STCs, as described in section 8.2. The development phase will conclude with the
complete certification of the ModuLR.

The post development phase includes the marketing and sales of the ModuLR. Also, training of
personnel for ground handling, flight operations, reconfiguration operations, and maintenance will start.
This phase will already start during the previously mentioned development phase. After certification, the
production phase will start and therefore marketing, sales and training already have to be up and running.
Also, since the development phase will cost e1.1B, as calculated in subsection 11.1.1, it is important to
know if the aircraft is actually sold in sufficient numbers, in order to cover the final expenses.

In Fig. 13.1, the phases described above are visualized with blocks connected with arrows accordingly.
Finally, in Fig. 13.2 the Gannt chart of the post-DSE is presented.
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Figure 13.1: Project design & development logic
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Figure 13.2: Post DSE Gannt chart
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Chapter 14

Conclusion & Recommendations

The purpose of this report was to present, document, and justify the detailed choices and design of the
ModuLR and its subsystems. The detailed design has to adhere to the key and driving (sub)system
requirements. The overall conclusion is that with the current design, satisfying almost all requirements
, a detailed design for innovating the air cargo market is established.

The following general design choices were best in order to comply with the requirements:

• The reconfigurable parts consist of the wing, tail, and engines;

• The fuselage and landing gear are designed for the -300 configuration;

• Turboprop engines are used.

The main conclusions from the detailed design are listed below:

• An engine providing a take-off power 2.6 MW was designed in order to comply with the take-off and
emissions requirements. It is concluded that the take-off requirements of 3000, 8000, and 10000
ft respectively are met. The emissions requirement of <50% per metric tonne than the Boeing
747-400 freighter is met for the -300 version, but not for the -200 and -100 version. This is caused
by the fuselage being not optimal for these versions;

• The noise requirement stated that the SEL contour has to be 25% smaller compared to the Fokker
50. It was concluded that this requirement is not met without a specially designed propeller.
Therefore, the propeller was designed for low noise and high efficiency in order to comply with the
noise requirement. The propeller consists of four blades with a 4.4 m diameter and has a cruise
efficiency of 0.86;

• The wing was designed for the maximum L/D in the average cruise condition, in order to comply
with the range requirements of 1000, 2000, and 4000 nm. With L/D values of 13.5, 15.9, 19.1, it is
concluded that the range requirements are met for the -200 and -300 version. For the -100 version,
requirement is not met yet. A reiteration has to be done using the new obtained Lift over Drag
ratio to meet the requirement;

• The tails and control surfaces were successfully sized to ensure controllability and static and dy-
namic stability;

• The wingbox was designed for a maximum Von Mises stress of 503 MPa, belonging to the selected
Al7178-T6 material. The skin thicknesses and stringer dimensions were selected for the lowest
overall wing weight;

• It was concluded that a service model is the best way of introducing the aircraft to the market.
Customers pay an annual subscription fee of e5MM per year and a e20MM purchase fee for
the fuselage, avionics, and landing gear. For the annual fee, the customer can request twelve
configurations per year. In this way, the break-even point is reached in 2043;

• The production cost of the baseline version (-200) are e18MM. With this the baseline cost require-
ment of e25MM is met;

• For reconfiguration operations, it is concluded that universal connections are best to use. These
connections allow for easy mounting to the fuselage of the reconfiguration parts;

• It was concluded that an unmanned control architecture made up of four main parts, Mission,
Vehicle, Communication and Safety Management blocks, is to be developed in order for the Mod-
uLR to operate at four levels of autonomy. Fully and Semi-autonomous along with Teleoperated
and Remote-controlled depending on the flight phase. The safety management module includes
traffic management and sense and avoid provisions for future integration of the ModuLR into
non-segregated airspace when further regulatory work is done.
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Recommendations for further design were made. These are split up in general recommendations and
detailed recommendations, belonging to specific subsystems. For both categories, the recommendations
with the highest predicted impact are discussed here.

Automating the design process allows for quickly iterating the design in order to achieve the best per-
formance. In future work, more iterations could be performed. These include both the iterations of the
base code as well as iterations for the specific subsystem designs. A second general recommendation
would be to build a scale model of the aircraft, and perform wind tunnel tests, in order to determine
more accurate aerodynamic and control derivatives and coefficients. Furthermore, interviews with po-
tential customers could be conducted in order to collect more recent and accurate market analysis data,
gauging the feasibility of the aircraft. A more thorough study about the materials used on the Mod-
uLR would also be required in further design. Some materials were selected but as materials are such
a fundamental part of aircraft design, a more thorough material analysis is recommended. An oppor-
tunity that was briefly touched upon in the report is the transport of dangerous goods. This specific
form of air cargo needs to be researched in more detail, both in an economical and technical level. A
final general recommendation is to verify a greater amount of aircraft and parts with CS 25 requirements.

In the report, a wide variety of specific assumptions for the subsystem design were made. The most
relevant ones to the reader are presented here. For performance, a more detailed noise analysis is re-
quired as the current analysis is mainly based on reference aircraft and engines instead of the new engine.
With respect to the designed engine, the compressor and turbine could be designed in more detail. The
available power during cruise could also be further optimized, according to the power needs in cruise.
However, to not decrease the efficiency, a more thorough analysis of the pressure ratio during cruise is
needed. A second recommendation concerning the engine is to set up a large engine database and update
the selection of reference engines after each iteration. This is useful as, because of the iterative process,
the power requirement of the engine changes. The propeller is currently designed for cruise conditions
and could be designed for take-off more, in order to avoid high blade pitch angles.

Although the wing design has almost been completely analyzed, a full automation could be implemented.
This would result in the selection of a new airfoil leading to a higher L/D during cruise. The code for
this is already written, but was not included in its totality due to time and resource constraints. Even
though the tails are already designed in detail, a thorough structural analysis is recommended for further
work. This is especially relevant as the tails are detachable. The main structures part recommended to
be designed in more detail is the fuselage, as this report focused on the reconfigurable wing structure.
The main recommendations of the operations part of the report are to perform market research focused
on the service model. In this way, it could be verified that customers want the product. A second
recommendation for the operations part is to integrate the unmanned flying concepts in the design more
in detail.

Overall, the design has been performed in great detail in the areas considered most relevant and critical
in fulfilling the purpose of the mission. A good overview of what is to be done exists and is sincerely
hoped to be performed.
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Appendix A

Input Variables

Table A.1: Structures input variables

Variable Symbol Unit
Values

ModuLR-100 ModuLR-200 ModuLR-300

Numberofengines [-] 2 2 40

Ultimateloadingfactor [-] 3.03 3.03 3.03

MTOW [kg] 21441 33376 64517

Wingweight [kg] 3240 5800 13229

Fuelweight [kg] 2776 6631 20082

Fuselageweight [kg] 2339 2339 2339

Payload [kg] 1200 6000 12000

Landinggearweight [kg] 2972 2972 2972

Wingspan [m] 25 30 41

Engineweight [kg] 1710 1710 3420

Cruisedensity [ kgm3 ] 0.6239 0.6597 0.6597

Cruisevelocity [ms ] 150 160 155

L/D [-] 17.3 18.3 19.8

Fuselagediameter [m] 2.9 2.9 2.9

Tipchord [m] 1.14 1.32 1.83

Rootchord [m] 2.84 3.31 4.56

t/c [-] 0.15 0.12 0.12

Table A.2: Financial analysis input variables

Variable Symbol Unit
Values

ModuLR-100 ModuLR-200 ModuLR-300

Flights per year [-] 1100 800 400

Pilot salary per year [e] 87571 87571 87571

Extra reconfigurable wings for 180 A/C [-] 60 60 60

Extra reconfigurable tails for 180 A/C [-] 0 60 30

Extra reconfigurable engines for 180 A/C [-] 0 0 120

MTOW [kg] 21441 33376 64517

manufacturing labor rate [$ per hour] 136 136 136

tooling labor rate [$ per hour] 163 163 163

Number of flight test aircraft [-] - 3 -

Fuselage cost fraction [-] 28 28 28

Wing cost fraction [-] 27 27 27

Empennage cost fraction [-] 10 10 10
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Table A.3: Performance and propulsion input variables

Variable Symbol Unit
Values

ModuLR-100 ModuLR-200 ModuLR-300

A [-] 12 12 12
CLcruise
CDcruise

[-] 13.5 15.9 19.1

CL,ground [-] 1.265 0.935 0.605

CL,max,TO [-] 2.1 2.1 1.8

CL,max,TO,roll [-] 1.7 1.7 1.4

CL,max,L [-] 2.3 1.7 1.1

CD0,TO [-] 0.0436 0.0411 0.0380

CD0,L [-] 0.025581 0.019852 0.017855

CD,TO [-] 0.332333 0.201854 0.11856

cp [kg/J ] 6.81·10−8 6.81·10−8 6.81·10−8

eTO [-] 0.75 0.75 0.75

eL [-] 0.85 0.85 0.85

EICO2 [kg/kg] 3.144437 3.144437 3.144437

ηprop [-] 0.86 0.86 0.86

ηTO,roll [-] 0.7 0.7 0.7

γ [deg] 3 3 3

g0 [m/s2] 9.8067 9.8067 9.8067

hcruise [m] 6500 6000 6000

hscr [ft] 50 50 50

µTO [-] 0.05 0.05 0.05

µL [-] 0.5 0.5 0.5

MTOM [kg] 21441 33376 64517

Mcruise [-] 0.5 0.5 0.5

mfres [-] 0.1 0.1 0.1

mfuel [kg] 2776 7631 20082

mOE [kg] 17358 20578 32112

mPL [kg] 1200 5000 12000

Nengine [-] 2 2 4

ωfuel [kg/s] 0.195854 0.195854 0.195854

Pa [W] 5289910 4377100 8444765

ρfuel [kg/m3] 804 804 804

ρTO [kg/m3] 1.225 1.225 1.225

S [m2] 53.5 72.6 137.9
¯Trev [N ] 30000 0 0

Vfueltank [m3] 1200 5000 12000
W2

Ws
(engine start-up) [-] 0.992 0.992 0.992

W3

W2
(taxi) [-] 0.996 0.996 0.996

W4

W3
(take-off) [-] 0.996 0.996 0.996

W5

W4
(climb) [-] 0.990 0.990 0.990

W7

W6
(descent) [-] 0.992 0.992 0.992

We

W7
(landing, taxi, shutdown) [-] 0.992 0.992 0.992
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Table A.4: Aerodynamics, stability & control input variables

Variable Symbol Unit
Values

ModuLR-100 ModuLR-200 ModuLR-300

A [-] 12 12 12

ρlanding [ kgm3 ] 1.225 1.225 1.225

ρcruise [ kgm3 ] 0.6239 0.6597 0.6597

S [m2] 53.5 72.6 137.9

Sh [m2] 17.82 27.66 47.58

SV [m2] 8.07 9.48 47.18

Vapp [m/s] 72.8 72.8 72.8

bw [m] 25.34 29.52 40.68

CLαW [rad−1] 5.85 6.05 6.08

Cr [m] 2.84 3.31 4.56

λ [−] 0.4 0.4 0.4

Ixx [kgm2] 275278 620916 3006270

Ttakeoff [N ] 82497 70923 113755

lV [m] 10.4 11.0 12.1

CLαV [rad−1] 2.04 2.04 2.04

Clαh [rad−1] 6.51 6.51 6.51

CLαh [rad−1] 5.17 5.17 5.17

Snet [m2] 0.9S 0.9S 0.9S

bf [m] 2.9 2.9 2.9

hf [m] 2.9 2.9 2.9

lf [m] 21.8 21.8 21.8

lh [m] 11.37 12.10 13.53

lv [m] 10.35 11.01 12.01

c̄ [m] 2.11 2.46 3.39

x̄ac [%] 0.25 0.25 0.25

x̄cg [%] 0.43 0.45 0.4

Cmα [rad−1] -0.00045 -0.00039 -0.00029

CLh [-] 0.053 0.051 0.047

Cm0wf [-] -0.03 -0.03 -0.03

CLcr [-] 0.71 0.65 0.58

αw [deg] 0 1 0

αh [deg] 0.87 0.85 0.77

CXu [-] -0.0314 -0.0443 -0.0270

Cmu [-] -0.0 -0.0 -0.0

CXa [-] 0.574 0.545 0.479

Cmα [-] -5.5 -5.3 -3.9

CXq [-] -0.372 0.081 0.086

Cmq [-] -427.2 -128.9 -59.11

CYb [-] -0.600 -0.391 -0.348

Clb [-] -0.046 -0.007 0.003

Cnb [-] 0.268 0.175 0.111

CYp [-] -0.071 -0.042 0.018

Clp [-] -0.724 -0.601 -0.589

Cnp [-] -0.089 -0.111 -0.108

CYr [-] 0.551 0.346 0.218

Clr [-] 0.289 0.264 0.205

Cnr [-] -0.248 -0.157 -0.070
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Appendix B

Detailed Functional Breakdown
Structure

Figure B.1: Functional Breakdown Structure, part 2
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Figure B.2: Functional Breakdown Structure, part 3 and 4
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Figure B.3: Functional Breakdown Structure, part 5
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Appendix C

Task division
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